
■=.;3^"', 

Unclassified 
SECURITY   CLASSIFICATION   OF   THIS  PAGE  (When  Data -.ntered) 

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS 
BEFORE COMPLETING FORM 

I.    REPORT  NUMBER 

TN-1745 

2.  GOVT  ACCESSION  NO. 

DN887032 
3.     RECIPIENT'S CATALOG  NUMBER 

4,     TITLE  (and SubtitJe) 

COMPUTER PROGRAM TO SIMULATE THE THERMAL 
CHARACTERISTICS OF HEAT RECOVERY 
INCINERATORS 

5.     TYPE  OF   REPORT   ft   PERIOD   COVERED 

Final; Oct 1981 - Sep 1984 

6     PERFORMING ORG.   REPORT NUMBER 

7.     AUTHORrs; 

C A. Kodres 

B.    CONTRACT  OR  GRANT   NUMBERrsJ 

9.    PERFORMING ORGAN12 ATION   NAME   AND   ADDRESS 

NAVAL CIVIL ENGINEERING LABORATORY 
Port Hueneme, California 93043 

10      PROGRAM  ELEMENT, PROJECT.   TASK 
AREA  a   WORK   UNIT  NUMBERS 

64710N; 
ZO371-01-421A/B 

II.    CONTROLLING OFFICE NAME  AND  ADDRESS 

Naval Facilities Engineering Command 
Alexandria, Virginia 22332 

12,     REPORT   DATE 

February 1986 
n,     NUMBER OF   PAGES 

122 
U      MONITORING   AGENCY   NAME  a   ADDRESSfi/ ditlerent Irom  Conlrolling Office) 15.    SECURITY   CLASS,   (of this report) 

Unclassified 
15 a.    DECL ASSlFI CATION ■ DOWNGRADING 

SCHEDULE 

16.    DISTRIBUTION  STATEMENT (of t/iia- Report) 

Approved for public release; distribution unlimited. 

17.    DISTRIBUTION  STATEMENT (of the abstract er\tered in Btock 20,  if different from Report) 

18.    SUPPLEMENTARY  NOTES 

19.     KEY  WORDS (Continoe on reverse  side  if necessary  and identify by (jlocfc number) 

Incinerators, waste heat recovery, solid waste, computer program, simulation, 
numerical model 

20     ABSTRACT (Continue on reverse side if necessary and identify by blocic number) 

The computer model, HRI, is described. This model simulates the thermal character- 
istics of energy ("heat") recovery incinerators. The program takes descriptions of the fuel 
and of the incinerator as inputs then predicts system temperatures, steam generation rate, 
and energy recovery efficiency. There are options to include primary or secondary waterwalls, 
a water/firetube boiler, or combinations of these heat exchangers.  Both starved and excess 
air operations are considered. 

DD    1  JAN "73    1473 EDITION  OF   1  NOV 65 IS OBSOLETE Unclassified 
SECURITY CLASSIFICATION  OF  THIS PAGE (When Data Entered) 



Unclassified 

SECURITY CLASSIFICATION OF THIS PAGEflt^en Dmf Enlored) 

Library Card 

Naval Civil Engineering Laboratory 
COMPUTER PROGRAM TO SIMULATE THE THERMAL 
CHARACTERISTICS OF HEAT RECOVERY INCINERATORS 
(Final), by C. A Kodres 
TN-1745       122ppillus       February 1986       Unclassified 

1. Incinerators 2. Waste heat recovery I. ZO371-01-421A/B 

The computer model, HRI, is described.  This model simulates the thermal characteristics 
of energy ("heat") recovery incinerators. The program takes descriptions of the fuel and of the 
incinerator as inputs then predicts system temperatures, steam generation rate, and energy recovery 
efficiency.  There are options to include primary or secondary waterwalls, a water/firetube boiler, 
or combinations of these heat exchangers.  Both starved and excess air operations are considered. 

Unclassified 

SECURITY CLASSIFICATION OF THIS PAGEfW/ien Dala F.nltrtid) 

i' 



LIBRARY .     • 
RESEARCH REPORTS DIVISION '" 
, AVAL POSTGRADUATE SCHOOL '       '     -■     ' ": 
MONiEi^EY, CALIFORWA 93940 ' '"'^ ■ •  , ..    : r-      -       ' 

NCEL ^; J=ebruaryJ986 
ByC.A.Kodres 

Sponsored by Naval Facilities 
Technical Note Engineering Command 

^* j? 

Computer Program to Simulate 
the Thermal Characteristics of •. 

Heat Recovery Incinerators- 

ABSTRACT The computer model, HRI, is described. This model simulates the thermal 
characteristics of energy ("heat") recovery incinerators. The program takes descriptions 
of the fuel and of the incinerator as inputs then predicts system temperatures, steam 
generation rate, and energy recovery efficiency. There are options to include primary or 
secondary waterwalls, a water/firetube boiler, or combinations of these heat exchangers. 
Both starved and excess air operations are considered. 

^itv-r*''**"-'''^'"* 

.;*«»*•' 

NAVAL-aVILl^CINEERlNC LABORATORY. PORT HUENEME CALIFORNIA 93043 
/T  .\   ,,..-.,; ^  

■ ^-'^"'^■^?j^-:'■''-"  '■'..- r . '.■    ...     " - 
■'       '-jf*'25i''  '—'-''^/^,-■.^ ■'■ •    Approved for public release; distribution unlimited 



METRIC CONVERSION FACTORS 

^ ««***•" 

Approximate Conversions to Metric Measures 

Symbol When You Know MuKiply by 

LENGTH 

To Find SynAoi 

in inches •2.5 centimeters cm 

ft feet 30 centimeters cm 

yd yards 0.9 meters m 

mi miles 1.6 

AREA 

kilometers km 

in2 square inches 6.5 square centimeters "^' 
ft^ square feet 0.09 square meters m 

2 

yi^ square yards 0.8 square meters r 7 
mi^ square miles 2.6 square kilometers km 

acres 0.4 

MASS (weight) 

hectares ha 

oz ounces 28 grams g 

lb pounds 0.45 kilograms kg 

short tons 0.9 tonnes t 

(2,000 lb) 

VOLUME 

tw teaspoons 5 milliliters ml 

ftap tablespoons 15 milliliters ml 

floz fluid ounces 30 milliliters ml 

e cups • 0.24 liters 1 

pt pints 0.47 liters 1 

qi quarts 0.95 liters 1 

^. 
gallons 
cubic feet 

3.8 
0.03 

liters 
cubic meters "? 

y^ cubic yards 0.76 cubic meters m-* 

TEMPERATURE (exact) 

•F Fahrenheit 5/9 (after Celsius "0 

temperature subtracting 
32) 

temperature 

•1 in - 2.54 (exactly). For other exact convsniont and more detailod tablet, SM NBS 

MiK. PuW. 286, Units of W«i|)Ws and Measures, Price $2.25, SD Catalog No. C13.10:286. 

oo _= 

I 
91 

E 

= 
CM 

CN 

a 
8 

s 
a> 

a 
CO 

i- r^ 

to 

^ lO 

=— ♦ 

■— n 

iiilmi 

n 

s— ^ 
= o 

5— a 

— 00 

— 1^ 

— 
CO 

— 
to 

s 
* 

1— m 

5 N 

a^ •- 
^ i_ 

Approximate Converstons from Metric Measures 
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INTRODUCTION 

This report describes HRI, a computer model that simulates the 
thermal characteristics of energy ("heat") recovery incinerators.  The 
program predicts system temperatures, steam generation rate (energy is 
recovered as the internal energy of steam), and energy recovery effi- 
ciency from descriptions of the fuel and the incinerator. 

The computer program was initially developed to help prepare a test 
program to parametrically examine the incinerators at the Naval Air 
Station (NAS), Jacksonville, Fla. (Ref 1).  These incinerators are dual 
combustion chamber devices with a single-pass water tube heat exchanger 
located downstream from the second combustion chamber.  Two major improve- 
ments were made to this first version of the model:  (1) a capability to 
simulate primary or secondary combustion chamber waterwalls was added, 
and (2) the programmed combustion mechanism was changed from a sequential 
mode (Ref 1) to a diffusion mode (Ref 2).  Figure 1 schematically illus- 
trates the different incinerator configurations currently within the 
scope of the model. 

The program is written in FORTRAN IV and has about 1,400 source 
statements.  It was developed on a CDC 760/875; execution times of less 
than 1 second are typical.  A PC version is discussed in the Appendix. 

MATHEMATICAL MODELING 

The simulation of the energy recovery incinerators is based on the 
hypothesized combustion reaction*: 

'^\%\ " "5«20 ^ \^2  -^3-76 V2 - 

n^CO^ + (n3 + n^)  H^O + n^CO + n^^O^ 

+ (0.5 n^ + 3.76 n^) N^ + n^^H^ + n^^C (1) 

In addition, it is assumed that: 

1. Steady state exists. 

2. The incinerator is operating at atmospheric pressure. 

3. All gases are ideal. 

>No attempt is made to distinguish between subscripts and coefficients. 
Numerical values are of interest here (i.e., number of moles), and 
both contribute in the same manner. 
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4. Kinetic and potential energy changes are negligible. 

5. There is no dissociation; the reaction goes to completion 
regardless of the temperature. 

6. Combustion is diffusion controlled, limited only by the mass 
flow rates of fuel and oxygen. 

7. The products of combustion are perfectly mixed. 

8. Therefore, all temperature gradients are normal to the 
incinerator walls; the individual components of the 
incinerator may be represented one-dimensionally. 

The molar coefficients n  through n are obtained from ultimate and 
proximate analyses of the fuel (waste); n, is from the air supplied for 
combustion.  For starved air operation. Equation 1, is balanced by 
applying conservation of species and allocating available oxygen linearly 
to the hydrogen and carbon in such a manner that the combustion of both 
elements is complete exactly when stoichiometric conditions are reached, 

"2"^^ll"6^ ¥)    V -    ^""li^'Y-j   "2° 

"2       /    "3 

"i^"^2l"6" -r) ^2 - ^hi^'T"^ c° 

"1 - 2 ^2 r6 " 2 

V"^2l"6" T^j °2  ^  ^ 

2 ^2r6-^~; - "1 

^  ' 'h[%'T)     '    "1 

^ -^2  "6-^T CO 

^^2  '  ^X^ln^-^—j  ^  n^ 

where: 

n^/U 

n^ + n^/A 

n^ + n^/A 

"The program actually allocates the elemental oxygen rather than 0^. 

2 



Stoichiometric air « n + n /4.  Unallocated oxygen, hydrogen, and carbon 
are assumed to be released as 0 , H , and C. 

Carbon reacts with the oxygen to form carbon monoxide (Ref 3); any 
oxygen remaining oxidizes the carbon monoxide to form carbon dioxide. 
For excess air operation, water vapor and carbon dioxide are considered 
to be the only products of combustion. 

Stoichiometric Air 

Stoichiometric air is the air required to oxidize the fuel to water 
vapor and carbon dioxide, 

C    H    0    N       +  n,0^  +  3.76n,N^ ^ n^CO^  +  n.H^O +   (0.5n,   +  3.76n,)N^ 
n,   n„n„n, 62 62 72 82 4 62 
12     3     4 

"7,ST0ICH "l 8,ST0ICH 

6,ST0ICH 
^"7,ST0ICH  '*' "8,ST0ICH  "  "3 

"AIR,STOICH    ^^^ "^ ^"^^ '•^^''^ "6,ST0ICH "FUEL, DRY 

where M_,„. -...^ is the feed rate of waste (dry) 
r UciL, Uni 

Heat of Pyrolysis 

The heat absorbed in breaking down the fuel is primarily a heat of 
pyrolysis since most types of waste (e.g., paper and wood) are pyrolyz- 
ing solids.  Regardless of the mode, the energy required to break down 
the fuel is easily calculated once the stoichiometric products of com- 
bustion have been determined. 

^FUEL    ™^FUEL,DRY " "7,ST0ICH ^CO. "8,ST01CH ^H 0 

where:   HHV = higher heating value of fuel (dry) 

Q-^  = heat of formation of carbon dioxide 

Q   = heat of formation of water (liquid) 
"2° 

Adiabatic Flame Temperature 

If all the energy released during the combustion reaction is assumed 
to be available to heat the products, an upper limit to the flame tem- 
perature can be determined.  This temperature is usually referred to as 
the adiabatic flame temperature. 



First, subtract the ash to derive the composition of the fuel 
actually burned, 

M 
n j =-^ n^ ASH 

v^UEL, 

X (moles of carbon in ash), etc. 

DRY 

Air supplied to the flame is one of the independent variables 
affecting incinerator performance.  The coefficient n, of Equation 1 is 
determined directly from the underfire airflow to the flame.  Once the 
fuel composition and the air (oxygen) have been established, Equation 1 
is balanced using the method described above. 

Subtracting the energy lost vaporizing the moisture in the fuel. 

'LOST (mass fraction of moisture in fuel) x (heat of 
vaporization of water at a pressure of 1 atmosphere) 

the net heat released to the flame can be calculated, 

*FLAME "7 ^CO^ " "8 %^0  ■" ^9 ^CO 

^FUEL    ^LOST  FUEL, DRY 

Since the mass flow through the flame is known, 

^LAME    ^UEL, WET "^ "AIR " ". ASH 

the adiabatic flame temperature can be determined by applying conserva- 
tion of energy, 

'''FLAME   ''"DATUM "*" %LAME '*' ^UEL,DRY ^UEL ^^°^^ 

^ "AIR S,AIR (^OO) ^T^ ^LAME ^P,MIX ^^FLAME-* 

+ r    M 
P.ASH ASH (2) 

*Perhaps different symbols should be used; the value of n, on the 
LHS is replacing the input value. 

**For most fuels, Q™™, < 0- FUEL 



where:  ^0,7^, = reference temperature of defined properties 

T 00 = ambient temperature 

Cp(T) = specific heat at temperature T 

AT = T  - T 
<»   »   DATUM 

Ah(T) = enthalphy at temperature T relative to T 
DATUM 

^D MTV ~   ^   (mole fraction x C„ ,„.„) 
P»"IX   MTYTTTPP- P.MEAN-" MIXTURE 

^2 

S.MEAN^^Z^  =  T, - T,_   /     S^T) ^T 
DATUM 

^DATUM 

Note that the temperature dependency of specific heat* makes Equation 2 
nonlinear.  The relationships of Sweigert and Beardsley (Ref 4) were 
used to calculate specific heats as a function of temperature.  These 
relationships and Equation 2 were solved simultaneously. 

Primary Combustion Chamber Temperatures 

Temperatures in the primary combustion chamber (PCC) are calculated 
by solving the energy equations governing the flame front, the combustion 
chamber interior, and the walls of the PCC.  Combustion products in both 
the flame and the PCC interior are assumed to be perfectly mixed.  The 
homogeneous flame temperature derived in this manner can be considered a 
lower limit to the actual flame temperature. 

The flame composition is already known from the adiabatic calcula- 
tions; the flame chemistry is assumed independent of temperature. 
Composition of the combustion products in the primary combustion chamber 
is determined in an analogous manner, taking into account oil injected 
into the chamber, overfire air, and possible air leakage. 

If underfire air is insufficient for the complete combustion of the 
fuel (wastes) and the oil, PCC overfire air and leakage will induce 
further chemical reaction and, thus, energy released in the primary 
combustion chamber, 

^PCC =  ( ^^7 ^CO^ -^ "8 ^H^O -^ ^ QCO - QFUEL 

%iL " \OSTJ ^UEL,DRY ■ **FLAME 

Energy terms included in the PCC analyses are illustrated sche- 
matically in Figure 2. 

'='The specific heat of ash is assumed to be a constant. 
5 



Applying conservation of energy to the flame," 

"FLAME ^P.MIX^^FLAME-* '^^FLAME "^ '^ASH ^P,ASH ^^FLAME "^ *'RAD,F^W 

'^RAD.F-^G " %LAME " "FUEL,DRY ^FUEL*-''^OO-' 

MATD C„ „„(T ) AT AIR  P.AIK 00-'   00 (3) 

where: QT,«T^ T^ 1, =^ radiation from flame to walls of FCC 
^RAD,F^W 

" ^FLAME " ^ ' ^Mix'-^FLAME'' FLAME 

^RAD,F^G 

^   ^MIX'■^WALLS''  'WALLS 

= radiation from flame to products of combustion inside 
the FCC 

= A_ ,._ o 
A 4 

^MIX^'^FLAME-' "^FLAME " ^Mix'-^FCC'' ^FCC 

FLAME 

FLAME 

= homogeneous flame temperature 

T   = homogeneous temperature of products of combustion 
^^^   in FCC 

T„.--„ = FCC inside wall temperature 

A„-, .wT- = surface area of flame front 
FLAME 

a -  Stefan-Boltzmann constant 

Both the flame and inside of the FCC walls are assumed to act as 
black bodies.  The products of combustion are assumed gray; the emis- 
sivities of these gases at temperature T, e   (T), are derived by curve 
fitting the data of Hottel et al. (Ref 5).  Gas emissivities are thus a 
function of both composition and temperature.  The configuration factor 
from the flame to the FCC walls is assumed to be 1. 

Applying conservation of energy to the interior of the primary 
combustion chamber, / 

'='The flame is considered to be the region influenced by underfire air. 
It does not touch the FCC walls (i.e., there is no convection heat 
transfer between the flame and the walls). 



"PCC "^P.MIX^^PCC-* '^^PCC "*" *^RAD,G^W *  ''CONV.G^W 

• • • 

^PCC " ''RAD.F^G ' '''FLAME ^P,MIX^^FLAME'' ^^FLAME 

- "OIL ^OIL^V - "IlR.LEAK S.AIR^V ^^^ ^  « ^'^ 

where:   "^pAn r u ~ radiation from combustion gases to PCC walls 

I A 4 = A    a f   CT   1 T    -   F (T "IT 
PCC   MIX*- PCC^  PCC   MIX*- WALLS^  WALLS 

^COW, G^W 
= convection heat transfer to PCC wall interior 

*^CONV,PCC ^PCC*-^PCC ' ^WALLS'' 

Ap__ = surface area of PCC walls 

h        = convection film coefficient 

Finally, applying conservation of energy to the walls, 

'^COND ' ''RAD,F^W ' '^RADjG^W ' ^CONV,G->W ~  ° ^^^ 

**RAD,W^ "^ "^CONV.W^oo " "IcOND  ^  ° ^^ 

where:     *lrnwn ~ conduction heat transfer through the walls 

'^PCC^'^^WALLS ' ^SHELL-* 

*'C0NV,W^^ 
= radiation off outer surface of PCC walls 

*^CONV,oo ^PCC^^SHELL ' ^t»^ 

QT^.T, ,,  = radiation off outer surface of PCC walls 
^RAD,W-»<» 

4       4 
= A    a  F (T -   T ) 

PCC   SHELL ^ SHELL   oo^ 

TouTTT ~ temperature of outer skin of PCC 

^oircTT ~ emissivity of outer skin of PCC 
SHELL 

K = conductance of PCC walls 

Equations 3 through 6, along with the relationships derived for 
temperature variations of specific heat and emissivity, are solved 
simultaneously for the temperatures T^.^^^, Tp^^, T^^^^^,   and T^^^^. 

''Overfire air and PCC leakage are combined. 
7 



Secondary Combustion Chamber Temperatures 

Temperatures of the combustion products and walls in the secondary 
combustion chamber (SCC) are calculated in a manner analogous to the PCC 
problem.  The energy equations governing the interior of the SCC, the 
inner walls, and outer skin are solved simultaneously while allowing 
both specific heat and emissivity to vary with temperature.  If combus- 
tion is not completed in the PCC, secondary air will induce further 
chemical reactions and will require an additional heat source term in 
the energy equation governing the SCC interior. 

Heat Recovery Boiler 

The boiler unknowns are the steam generated, the total heat trans- 
ferred between the combustion products and the feed water/steam, and the 
temperature of the combustion gases as they enter the stack.  Tempera- 
ture and pressure of the feed water and steam are assumed to be known. 

Waterwalls are simulated by setting the inner wall temperature of 
the combustion chamber equal to the steam temperature (i.e., ignoring 
the very small temperature gradients through the metal of the waterwalls 
and through the boundary layer on the feed water/steam side of the 
system).  Heat transfer to these walls is already a part of the analysis 
of the PCC; steam generation merely involves bookkeeping the heat fluxes 
to the waterwalls. 

Modeling a convection boiler is more complex.  It is accomplished 
by applying conservation of energy to the combustion gases, the feed 
water/steam, and the overall heat recovery boiler (individual energy 
terms are illustrated in Figure 3), 

TM   + M       ■) r    fT    "1 AT 
'•see   AIR,LEAK^ P, MIX *• STACK ^  STACK 

+ Q      - M    C fT   1 AT ^STEAM   see P,MIX^ SCe^   SCC 

- "AIR,LEAK S,AIR(T») ^\   =   0 (7) 

"STEAM ^STEAM^^STEAM^ "*" ®^ "STEAM ^STEAM ^^STEAM-^ 

- ^STEAM - (1 ^ S°) "STEAM ^EED^'^FEED^  =  ° («) 

%TEAM - "MEAN^"''^) VILER "^™ = ° ^'^ 

where: ^qpr ~ mass flow out of the secondary 
combustion chamber 

M Tf Av ~ ai"^  leakage  down the  dump  stack 
AlK, 1J£JAX 

M„_„.w = steam generated in the boiler 
STEAM 



BD = boiler blowdown as a fraction of steam 
generated 

^EED^^FEED^ " enthalpy of feed water at temperature T^^gp 
relative to Tj^^^^ 

^STEAM^'^STEAM^ = enthalpy of steam at T^^^^ relative to T^^^^^ 

q „ .  = heat transferred between combustion products 
and feed water/steam 

T p = homogeneous temperature of products of 
combustion in SCC 

T     = temperature of the steam exiting the boiler 

T     = stack gas temperature (i.e., temperature of 
combustion gases as they exit the boiler) 

A„-,T.T„„ = total surface area of boiler tubes BOILER 

LMTD = logarithmic mean overall temperature 
difference (Figure 4) 

=  (T   -T    )   -   (T -T   ) -     *• see   STEAM ^   *■ STACK   FEED^ 

,  ^SCC " ^STEAM 
In 

^STACK " ''^FEED 

The boiler overall heat transfer coefficient, U    (M,T), varies 
with both temperature and flow rate.  The magnitude ofthis coefficient 
is determined by noting that the resistance to heat transfer from the 
combustion gases is the dominant resistance and, thus, only gas proper- 
ties have an appreciable effect on U   .  A staggered tube configuration 
(Ref 5) is assumed, 

„ 0.6 „ 0.33 N   « N     N 
Nu     Re    Pr 

where:  N  = Nusselt number 
Nu 

N_  = Reynolds number 

N„ = Prandtl number 
Pr 

Observing that the variation in the one-third power of the Prandtl 
number is negligible, and lumping the geometry into the constant of 
proportionality, U,* 

"U is backed-calculated from boiler performance data that are part of 
the input. 



"MEAN " " •'AVG^'^AVG^ 

-, 0.6 
M   + M 
sec   AIR LEAK 

^AVG^'^AVG-^ 
(10) 

where: 
^AVG   ^^^^^   ^'''SCC "*" ^STACK "^ ^FEED '^ ^STEAM^ 

k^y^(T^^^^) = thermal conductivity of combustion products at 
the average temperature T 

AVG 
AVG^ AVG' 

M.y„(T  ) = viscosity of combustion products at temperature 

AVG 

1.5 

AVG'•"^ AVG 
AVG 

225 + T (11) 
AVG 

Equations 11 are usually referred to as the Eucken equations and 
were derived using the methods of the kinetic theory (Ref 6).  For this 
simulation, the constants of proportionality are determined by assuming 
that the products of combustion behave in the same manner as air. 

Equations 7 through 11 are solved simultaneously. 

EFFICIENCY CRITERIA 

The performance of the heat recovery incinerator was evaluated by 
applying the heat loss method suggested for steam generating units by 
the American Society of Mechanical Engineers (Ref 7).  "The efficiency 
is equal to 100% minus a quotient expressed in percent.  The quotient is 
made up of the sum of all accountable losses as the numerator, and heat 
in the fuel plus heat credits as the denominator."  Or, in mathematical 
form, 

I LOSSES 
1 INPUT 

Not all losses are included in the summations, and some are slightly 
different from those suggested by Reference 7 to be compatible with the 
mathematical simulation. 

Losses 

Heat lost vaporizing moisture with waste  = Mw^T,.m ^^ 
MOISI   fg 

Vaporization of water generated by burning hydrogen in waste 

=  IS-Z^fg'VuEL 
Carbon carried out with ash = M,_„ C,.,,, Q.,. 

ASH ASH C0„ 

10 



Sensible heat in ash = Cp^^^^^ n^^^ AT^^^ 

Heat transfer through walls of PCC = KAp^c^^PCC,WALLS " "^PCCSHELL^ 

Heat transfer through walls of SCC = KA^cC^^SCC,WALLS " ^SCC.SHELL^ 

Incomplete combustion 

^UEL 

Sensible heat in stack gases 

^ i^CO^ - ^COJ ^ ^1 ^H^O ■" ^2 '^CO^ 

^"scc "*" "AIR.LEAK^ S,MIX^-^STACK-^ '^^STACK 

Loss of steam due to blowdown = ^^^^^m/(I   -  BD)] Ahg^EAM^'^STEAM^ 

Inputs 

Chemical plus sensible energy in waste 

= "FUEL ™^FUEL,DRY - «AIR S,AIR('rJ ^^^ 

"sec -^ "AIR,LEAK j S.AIR^V ^^^ 

Enthalpy of combustion air = M,^„ C„ .^^(T ) AT AIR P,AIR 00^  00 

Chemical plus sensible energy in oil = ^mj  ^^^ATT 

Enthalpy of boiler feed water = M^^EAM^^"^ ^ ^^^ ^EED^^FEED^ 

Sensible heat of products of combustion entering boiler 

-     (M + M       ")  r fT  1 AT 
'■SCC   AIRjLEAK-*  P.MIX *• SCC^   SCC 

The power required to run accessories is input directly. 

NUMERICAL METHODS 

The numerics involved in the simulation are straightforward.  The 
only portions of the program that might be difficult to follow are those 
sections involving the simultaneous solution of the component energy 
equations (e.g., Equations 3 through 6).  Variable properties make these 
equations nonlinear; an iterative technique is necessary.  The Newton- 
Raphson iteration (Ref 8) was selected for this application. 

With this technique, an initial estimate is made of the value of 
the unknowns, e.g., 
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T,  = T. 
FLAME 

PCC 

T-, = T, 
WALLS 

T,  = T 
SHELL 

~ 3,500°R 

3,200°R 

~ 3,000°R 

~ 1,000°R 

A Jacobian of the energy equations is formed, 

Fj  = Fj(Tj, T^, T3, T^)  = 0 

^2 " ^2^'^!' "^2' "^S' '^4^  = ° 

'3 = ^3^"^!' ^2. T3, T^)  = 0 

= F^(T,, T^. T3, T^)  = 0 

[J]  = 

31, 

aF^ 

af^ 

aT, 

ax. 

ar^ aFj 

ax^ ax^ 

aF2 aF^ 

ax^ ax^ 

!!3 !!3 
8X2 3X3 

3F,   3F,  4   4 
ax^ 3X3 

aF; 

ax, 4 

aF^ 
ax^ 

aF3 

ax, 4 

aF, 
ax^ 

inverted, 

[J]  =  [J]"^ 

and used to improve the initial estimate. 

X.  = X 
X 

11 

i ■ ^ -"i i * j=l   '^ 
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For example, 

4 

^FLAME 
= 3500 -   T     J, . • F. 

This improved estimate now replaces the initial estimate; the variable 
properties, specific heat and emissivity, are updated based upon the new 
temperatures, and the calculations are repeated, producing a still 
better estimate of the unknowns.  The iteration continues until some 
preset limit to the number of iterations is reached (called ITER in the 
computer program) or until the change in the calculated value of all the 
unknowns is less than some preset tolerance (called TOL in the program). 

VALIDATION OF MODEL 

The most credible method of determining the accuracy of a computer 
program is to compare predicted values with corresponding experimental 
data.  When incinerators are being modeled, however, such a comparison 
is difficult because of the extensive data required and because many 
necessary measurements are not easily obtained (e.g., fuel composition, 
feed rate, and combustion and leakage airflows).  No incinerator data, 
sufficient to validate all the HRI options, have been published. 

The evaluation tests of the energy recovery incinerator at the 
Naval Station (NS), Mayport, Fla. (Ref 9), are probably the most compre- 
hensive.  This incinerator is an excess air device with a single-pass 
water tube boiler located downstream from the secondary combustion 
chamber as shown schematically by Figure 5.  Key data are also included: 
arithmetic averages of the 24 hourly readings taken on 9 Dec 1980. 

Ultimate and proximate analyses of the waste were conducted once. 
The only gas flow measured was the total mass flow out the stack, but 
this variable was monitored continuously.  SCC combustion air was set at 
20% in excess of the air required to stoichiometrically burn SCC oil. 
Oil consumption was monitored, and airflow to the PCC, including infil- 
tration, was determined by subtraction.  A ratio was computed from the 
underfire/overfire split on the basis of blower capacities.  All other 
inputs and steam generation were measured directly and continuously. 

Table 1 is a comparison of the predicted* and measured performance 
of the Mayport incinerator.  This table provides an indication of the 
capability of the program to simulate excess air operation and to predict 
steam generation when a convection boiler is used.  In addition, the 
mass and energy transfer calculations leading to the prediction of an 
energy recovery efficiency are common to all configurations. 

Tests conducted at the National Bureau of Standards (Ref 2 and 10) 
suggest that the starved air combustion of solid wastes in an incinerator 
is diffusion controlled.  In a diffusion flame, part of the waste (actually 
the products of the pyrolysis of the waste) would burn completely to 

*The HRI simulation of the Mayport evaluation tests is included as 
one of the examples presented later in this report. 
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water and carbon dioxide, as much as the air supply would allow, and the 
rest would remain unchanged.  This mechanism is mathematically very 
simple; the energy released and the quantities of the combustion products 
are linearly proportional to the air supplied. 

The other extreme is the equilibrium flame (i.e., combustion is 
controlled by chemical reaction rates).  The energy release and the 
composition of the combustion products are a complex function of tem- 
peratures, available oxygen, and the chemical composition of the waste. 

A modified diffusion flame mechanism is built into the model. 
Rather than being oxidized directly to carbon dioxide, carbon is assumed 
to burn in stages, with carbon monoxide formed initially.  If additional 
air is available, the carbon monoxide is oxidized to form carbon dioxide. 
Carbon normally burns in such a manner (Ref 3), and this modification 
was made to improve the predicted properties of the combustion products. 

The energy released during starved air combustion is examined in 
Figures 6 and 7 with the combustion mechanism as a parameter.  (Equilib- 
rium compositions were determined using the program of Reference 11). 
When burning cellulose, the major ingredient in most types of solid 
waste, differences in the energy released are negligible.  With plastic, 
differences are small.  Thus, the program HRI can be expected to accu- 
rately predict the energy released during starved air incineration 
regardless of the validity of the assumed combustion mechanism. 

Validation of the predicted waterwall performance is more difficult 
and cannot be made using theoretical arguments.  A comparison with data 
is necessary.  Heat transfer to the waterwalls is the critical parameter, 
and the data must be comprehensive enough to separate the convective and 
radiative components of the heat flux.  Emissivity calculations become 
very important; the program must be adequately predicting gas composi- 
tions, a problem particularly severe for starved air operation.  Exami- 
nation of the accuracy of the waterwall simulation will be left to 
future users. 

INPUT INSTRUCTIONS 

All input variables are real and are input in field widths of 10 
except incinerator TYPE, which is an integer and is input in a field 
width of 5.  The input format is illustrated by Table 2; input variables 
are defined in Table 3. 

Engineering units are used throughout:  pounds mass (lb), feet 
(ft), degrees Fahrenheit (°F), and British thermal units (Btu). 

COMMENTS ON USE OF PROGRAM 

This section elaborates upon aspects of the computer program that 
might not be obvious to users. 

Convergence of Solution to Energy Equations 

The solution of the energy equations is an iteration, continuing 
until some preset limit to the number of iterations is reached (called 
ITER in the program) or until the change in the calculated value of all 
the unknowns is less than some preset tolerance (called TOL in the 
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program).  ITER and TOL are input as data, setting ITER = 100 and TOL = 1. 
Normally, the energy equations converge to within this tolerance after 
four or five iterations or they begin to diverge, and little is gained 
by increasing ITER.  TOL can be changed but, again, little is gained; 
the expectation of accuracies greater than ±1°F is unrealistic, and the 
program execution time associated with this tolerance is not significant. 

If the solution to the energy equations should diverge, the run is 
aborted and an error message is printed describing the problem, e.g., 

ITERATION FOR ADIABATIC FLAME TEMPERATURE IS DIVERGING 

This rarely occurs, and the cause is usually a poor initial guess for 
the value of the unknowns being determined.  The problem can be cured by 
going into the program and changing these initial guesses (the pertinent 
variables are identified by comment statements). 

Single Combustion Chamber Configurations 

Incinerator configuration is input by assigning proper values to 
the variable TYPE and to the appropriate areas.  Usually, this is suffi- 
cient.  If there is only one combustion chamber, however, the second 
combustion chamber area cannot just be set equal to 0 (i.e., ASCC t  0) 
because this introduces the identity 0=0 into the Newton-Raphson 
iteration and leads to uncertain results.  To simulate a single combus- 
tion chamber incinerator, assign a very small value to ASCC. 

Waterwall Areas 

When waterwall configurations are examined, it is assumed that the 
surface area of the relevant combustion chamber is completely covered 
with tubes (i.e., the combustion chamber wall area is exactly equal to 
the waterwall heat transfer surface).  APCC or ASCC is set (input) equal 
to this value. 

Generally, waterwalls do not cover the entire combustion chamber 
wall.  Thus, there is some error associated with this approach.  For 
example, heat transfer losses out through nonwaterwall-covered surfaces 
are neglected, and the radiation shape factor" from the flame to the 
waterwalls is not identically equal to 1 as assumed in the model. 
Notwithstanding, when waterwalls are used, flame temperatures are low 
and heat transfer losses out through the walls amount to only 1% or so. 
Incinerators with shape factors much less than 1 are poorly designed. 

Convective Heat Transfer Coefficients 

Without knowing flow characteristics, convective film coefficients, 
both inside the combustion chambers and off the outer surfaces of the 
incinerator, can only be estimated.  If there are no waterwalls, this 

"Sometimes called the configuration factor, it is the fraction of 
the energy leaving the flame that arrives at the waterwalls. 
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shortcoming is minor; the dominant resistance to heat transfer out the 
walls is the resistance to conduction through the walls.  The magnitude 
of this resistance is known:  wall thickness divided by thermal conduc- 
tivity.  (It is actually the inverse of this resistance, thermal con- 
ductance, that is input.)  When waterwall configurations are studied, 
convection heat transfer is important; steam generation is a strong 
function of convection heat transfer from the combustion products to the 
waterwalls.  Some attempt to predict waterwall film coefficients is 
recommended.  When this is not possible or when HRI is only being used 
for a preliminary study, the range of film coefficient offered is shown 
in Table 4.  The coefficient of convective heat transfer off the outer 
surfaces of the incinerator, HC0NV(3), has little effect on the operation 
of any configuration. 

Emissivities 

Emissivities of the combustion products are calculated by the 
program via subroutine EMISS.  The emissivity of the outer shell of the 
incinerator is input as ESHELL but has little effect on the operation of 
the incinerator.  Values of ESHELL ~ 0.75 are reasonable. 

Mean Beam Lengths 

Mean beam length is a calculation convenience used when determining 
radiation to or from absorbing-emitting gases.  It may be thought of as 
"the radius of a gas hemisphere such that it radiates a flux to the 
center of its base equal to the average flux radiated to the area of 
interest by the actual volume of gas" (Ref 12).  Mean beam lengths are 
program inputs.  Values depend upon the shape of the combustion chamber 
being examined.  Most radiation texts (Ref 5 and 12) include tables 
summarizing relationships for calculating mean beam length (e.g., for a 
cube radiating to one of its faces), 

Mean beam length ~ 0.6 x length of a side 

Convection Boiler Design Point 

The overall heat transfer coefficient of a convection type of 
energy recovery boiler is determined in the program by making a ratio 
from a design point using Reynolds numbers (see Equation 10).  This 
design point is input.  Normally, the required information can be 
acquired from the boiler nameplate.  The following design point is 
typical for single-pass water tube boilers: 

U = 9.24 Btu/hr-ft2-°F 

TIN = 1,800°F 

TOUT = 500°F 

FLOW = 17,000 Ib/hr 

ABOIL = 1,000 ft2 
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DESCRIPTION OF OUTPUT 

First, the input is duplicated.  Following the pertinent calcula- 
tions, energy released, gas flows, temperatures, and the compositions of 
the combustion gases in each section of the incinerator are output. 
Calculated properties (i.e., specific heats and eraissivities) are output 
whenever their values are changed.  Finally, the performance of the heat 
exchangers and the overall energy recovery incinerator is summarized. 

EXAMPLES 

To illustrate the potential of the model, four incinerators, each 
having a different configuration, are simulated.  Except for the facility 
at NS Mayport, published descriptions of these incinerators are incom- 
plete.  When necessary, typical values are assumed (Ref 13 and 14). 

Morse Boulger Plant No. 1 (Ref 15) 

This incinerator, shown in Figure 8, is an excess air device with a 
single combustion chamber and no energy recovery boiler. 

Input: 

16670. 6200. 

37.29 4.99 32.11 0.46 25.15 
20.00 52.70 7.30 20.00 
2050, 1417. 

5. 0. 0. 0. 95. 
0. 0. 19700. 

86. 12. 0.5 0. 1.5 
500. 

954. 0. 880. 0. 0. 
0. 0. 0. 

933. 4067. 10. 50. 50. 
70. 0.75 4.7 3.9 

0.75 0.75 
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Output: 

FEED RATES AND BOUNDARY CONDITIONS 

FUEL (WASTE) MASS FEED RATE = 

HIGHER HEATING VALUE OF FUEL 

16670. LB/HR WET 

= 6200. BTU/LB DRY 

ULTIMATE ANALYSIS OF FUEL 

(PERCENT OF DRY WEIGHT) 

CARBON   37,29 

HYDROGEN    4.99 

OXYGEN   32.11 

NITROGEN     ,46 

OTHER   25.15 

PROXIMATE ANALYSIS OF FUEL 

(PERCENT OF KTEIGHT) 

MOISTURE   20.00 

VOLATILE MATTER,,  52,70 

FIXED CARBON    7.30 

ASH   20.00 

ASH REMOVAL RATE = 2050. LB/HR 

HIGHER HEATING VALUE OF ASH = 1417. BTU/LB 

ULTIMATE ANALYSIS OF ASH 

(PERCENT OF DRY WEIGHT) 

CARBON     5.00 

HYDROGEN     0.00 

OXYGEN    0.00 

NITROGEN    0.00 

OTHER   95,00 

OIL FLOW TO PRIMARY COMBUSTION CHAMBER =   0. LB/HR 

OIL FLOW TO SECONDARY COMBUSTION CHAMBER =   0. LB/HR 

HIGHER HEATING VALUE OF OIL = 19700, BTU/LB 

ULTIMATE ANALYSIS OF OIL 

(PERCENT OF DRY WEIGHT) 

CARBON   86.00 

HYDROGEN   12.00 

OXYGEN     .50 

NITROGEN    0.00 

OTHER    1.50 

COMBUSTION AIR 

TO PRIMARY COMBUSTION CHAMBER (UNDERFIRE) = 954. LB/MIN 

TO PRIMARY COMBUSTION CHAMBER (OVERFIRE) = 880. LE/MIN 

TO SECONDARY COMBUSTION CHAMBER =   0. LB/MIN 

TO (WITH) PRIMARY OIL BURNER =   0. LB/MIN 

TO (WITH) SECONDARY OIL BURNER =   0. LB/MIN 

LEAKAGE AIR 

TO PRIMARY COMBUSTION CHAMBER =  0. 

TO SECONDARY COMBUSTION CHAMBER = 

DOWN THE DUMP STACK =  0. LB/MIN 

LB/MIN 

0. LB/MIN 

AMBIENT AIR TEMPERATURE 70. DEGF 
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HEAT TRANSFER PARAMETERS 

SURFACE AREA OF FLAME FRONT =933, SQFT 

SURFACE AREA OF PCC = 4067. SQFT 

SURFACE AREA OF SCC =  10. SQFT 

EMISSIVITY OF OUTER SURFACE OF INCINERATOR =  .75 

CONVECTION FILM COEFFICIENTS 

INNER SURFACE OF PCC = 50. BTU/HR-SQFT-DEGF 

INNER SURFACE OF SCC = 50. BTU/HR-SQFT-DEGF 

OUTER SURFACE OF INCINERATOR =  5. BTU/HR-SQFT-DEGF 

THERMAL CONDUCTANCE THRU WALLS 

OF PRIMARY COMBUSTION CHAMBER =  ,750 BTU/HR-SQFT-DEGF 

OF SECONDARY COMBUSTION CHAMBER =  .750 BTU/HR-SQFT-DEGF 

MEAN BEAM LENGTH 

OF PRIMARY COMBUSTION CHAMBER = 4.70 FT 

OF SECONDARY COMBUSTION CHAMBER = 3.90 FT 

INCINERATOR HAS NO BOILERS 

AIR REQUIRED FOR STOICHIOMETRIC COMBUSTION OF SOLID WASTE = 1022.65 LB/MIN 

HEAT ABSORBED IN BREAKING DOWN FUEL = -2123. BTU/LB 

PRODUCTS OF COMBUSTION OF SOLID WASTE WITH STOICHIOMETRIC AIR 

(LBS/LB OF DRY FUEL) 

CAP^ON DIOXIDE....   1.3673 

WATER VAPOR     .6991 ( 

CARBON MONOXIDE...   0.0000 

OXYGEN    0.0000 

NITROGEN    3.5331 

HYDROGEN     0.0000 

CARBON    0,0000 

FUEL (WASTE) MASS FEED RATE = ***** LB/HR DRY 

HEAT RELEASED IN FLAME ZONE =  .5193E+04 BTU/LB OF DRY FUEL 

HEAT LOST VAPORIZING THE MOISTURE IN THE FUEL = .2426E+03 BTU/LB OF DRY FUEL 

TOTAL GAS FLOW THRU THE FLAME =  .7186E+05 LB/HR 

THEORETICAL (ADIABATIC) FLAME TEMPERATURE = 2939. DEGF 

PRODUCTS OF COMBUSTION OF SOLID WASTE IN FLAME ZONE 

(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE....   1.2250 

WATER VAPOR     . 6800 

CARBON MONOXIDE,,.    .0726 

OXYGEN    0.0000 

NITROGEN    3.2732 

HYDROGEN     .0021 

CARBON     0.0000 

HOMOGENEOUS FLAME TEMPERATURE = 2152. DEGF 
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HEAT RELEASED IN PRIMARY COMBUSTION CHAMBER =  .4261E+03 BTU/LB OF DRY FUEL 

TOTAL GAS FLOW THRU PRIMARY COMBUSTION CHAMBER =  .1247E+06 LB/HR 

HOMOGENEOUS TEMPERATURE OF COMBUSTION GASES IN PRIMARY COMBUSTION CHAMBER = 1925. DEGF 

PRIMARY COMBUSTION CHAMBER INSIDE WALL TEMPERATURE = 1963. DEGF 

PRIMARY COMBUSTION CHAMBER OUTSIDE WALL TEMPERATURE = 271. DEGF 

SPECIFIC HEAT OF PCC COMBUSTION PRODUCTS =  .29 BTU/LB-DEGF 

EMISSIVITY OF PCC COMBUSTION PRODUCTS =  .254 

PRODUCTS OF COMBUSTION OF SOLID WASTE AND OIL IN THE PRIMARY COMBUSTION CHAMBER 

(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE    1.3391 

WATER VAPOR     .6991 

CARBON MONOXIDE...   0.0000 

OXYGEN     .8579 

NITROGEN    6.2882 

HYDROGEN    0.0000 

CARBON    0.0000 

HEAT RELEASED IN SECONDARY COMBUSTION CHAMBER = -.2910E-10 BTU/LB OF DRY FUEL 

TOTAL GAS FLOW THRU SECONDARY COMBUSTION CHAMBER =  .1247E+06 LB/HR 

HOMOGENEOUS TEMPERATURE OF COMBUSTION GASES IN SECONDARY COMBUSTION CHAMBER = 1925. DEGF 

SECONDARY COMBUSTION CHAMBER INSIDE WALL TEMPERATURE = 1906. DEGF 

SECONDARY COMBUSTION CHAMBER OUTSIDE WALL TEMPERATURE = 265. DEGF 

SPECIFIC HEAT OF SCC COMBUSTION PRODUCTS =  .29 BXU/LB-DEGF 

EMISSIVITY OF SCC COMBUSTION PRODUCTS =  .233 

PRODUCTS OF COMBUSTION OF SOLID WASTE AND OIL IN THE SECONDARY COMBUSTION CHAMBER 

(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE....   1.3391 

WATER VAPOR     . 6991 

CARBON MONOXIDE...   0.0000 

OXYGEN     .8579 

NITROGEN    6.2882 

HYDROGEN    0.0000 

CARBON    0.0000 

THE STACK GAS PROPERTIES ARE APPROXIMATELY EQUAL TO THE SECONDARY COMBUSTION CHAMBER PROPERTIES 
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Naval Station. Mayport. Fla. (Ref 9) 

The incinerator at NS Mayport is used to validate the program and 
is described, in detail, in an earlier section of this report.  It is 
shown schematically in Figure 5. 

Input: 

2060. 6854. 
38.69 5.12 27.17 0.81 28.21 
25.10 46.96 5.17 22.77 
493. 1417. 

4.6 0. 0. 0. 95.4 
0. 314. 19700. 

86. 12. 0.5 0. 1.5 
586. 
243. 237. 0. 0. 88. 

0. 0. 0. 
135. 1183. 2094. 50. 50. 
80. 0.75 5.3 5.3 

2 

4426. 180. 148. 370. 1196. 
4.05 1500. 540. 4.63E4 

1.0     0.25     0.25 

342.     172.     0.10 
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Output: 

FEED RATES AND BOUNDARY CONDITIONS 

FUEL (WASTE) MASS FEED RATE = 2060. LB/HR WET 

HIGHER HEATING VALUE OF FUEL = 6854. BTU/LB DRY 

in.TIMATE ANALYSIS OF FUEL 

(PERCENT OF DRY WEIGHT) 

CARBON   38.69 

HYDROGEN    5.12 

OXYGEN    27.17 

NITROGEN     .81 

OTHER   28.21 

PROXIMATE ANALYSIS OF FUEL 

(PERCENT OF WEIGHT) 

MOISTURE   25.10 

VOLATILE MATTER..  46.96 

FIXED CARBON    5.17 

ASH   22.77 

ASH REMOVAL RATE = 493. LB/HR 

HIGHER HEATING VALUE OF ASH = 1417. BTU/LB 

ULTIMATE ANALYSIS OF ASH 

(PERCENT OF DRY WEIGHT) 

CARBON     4.60 

HYDROGEN    0.00 

OXYGEN    0.00 

NITROGEN    0.00 

OTHER   95.40 

OIL FLOW TO PRIMARY COMBUSTION CHAMBER =   0. LB/HR 

OIL FLOW TO SECONDARY COMBUSTION CHAMBER = 314. LB/HR 

HIGHER HEATING VALUE OF OIL = 19700. BTU/LB 

ULTIMATE ANALYSIS OF OIL 

(PERCENT OF DRY WEIGHT) 

CARBON   86.00 

HYDROGEN   12.00 

OXYGEN     .50 

NITROGEN    0.00 

OTHER    1.50 

COMBUSTION AIR 

TO PRIMARY COMBUSTION CHAMBER (UNDERFIFE) = 243. LB/MIN 

TO PRIMARY COMBUSTION CHAMBER (OVERFIRE) =  237. LB/MIN 

TO SECONDARY COMBUSTION CHAMBER =   0. LB/MIN 

TO (WITH) PRIMARY OIL BURNER =   0. LB/MIN 

TO (WITH) SECONDARY OIL BURNER =  88. LB/MIN 

LEAKAGE AIR 

TO PRIMARY COMBUSTION CHAMBER =  0. LB/MIN 

TO SECONDARY COMBUSTION CHAMBER =  0. LB/MIN 

DOWN THE DUMP STACK =  0. LB/MIN 

AMBIENT AIR TEMPERATURE 80. DEGF 
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HEAT TRANSFER PARAMETERS 

SURFACE AREA OF FLAME FRONT = 135. SQFT 

SURFACE AREA OF PCC = 1183. SQFT 

SURFACE AREA OF SCC = 2094. SQFT 

EMISSIVITY OF OUTER SURFACE OF INCINERATOR =  .75 

CONVECTION FILM COEFFICIENTS 

INNER SURFACE OF PCC = 50. BTU/HR-SQFT-DEGF 

INNER SURFACE OF SCC = 50. BTU/HR-SQFT-DEGF 

OUTER SURFACE OF INCINERATOR =  1. BTU/HR-SQFT-DEGF 
THERMAL CONDUCTANCE THRU WALLS 

OF PRIMARY COMBUSTION CHAMBER =  .250 BTU/HR-SQFT-DEGF 

OF SECONDARY COMBUSTION CHAMBER = .250 BTU/HR-SQFT-DEGF 
MEAN BEAM LENGTH 

OF PRIMARY COMBUSTION CHAMBER = 5.30 FT 

OF SECONDARY COMBUSTION CHAMBER = 5.30 FT 

HRI HAS A CONVECTION TYPE BOILER AT THE SCC EXIT 

CONVECTION BOILER CHARACTERISTICS 

SURFACE AREA OF TUBES = 4426. SQFT 
FEED WATER PROPERTIES 

TEMPERATURE = 180. DEGF 

ENTHALPY = 148. BTU/LB 
STEAM PROPERTIES 

TEMPERATURE = 370. DEGF 
PRESSURE = 172. PSIA 

ENTHALPY = 1196. BTU/LB (VAPOR) 

ENTHALPY = 342. BTU/LB (LIQUID) 

BOILER BLOW-DOWN =10.0 PERCENT OF STEAM GENERATED 

OVERALL HEAT TRANSFER COEFFICIENT =  4.05 BTU/HR-SQFT-DEGF AT THE DESIGN POINT 

AIR REQUIRED FOR STOICHIOMETRIC COMBUSTION OF SOLID WASTE = 129.03 LB/MIN 
HEAT ABSORBED IN BREAKING DOWN FUEL = -1747. BTU/LB 

PRODUCTS OF COMBUSTION OF SOLID WASTE WITH STOICHIOMETRIC AIR 
(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE    1.4186 

WATER VAPOR     .7959 
CARBON MONOXIDE...   0.0000 

OXYGEN    0.0000 

NITROGEN    3.8562 

HYDROGEN    0.0000 
CARBON    0.0000 

FUEL (WASTE) MASS FEED RATE = 1543. LB/HR DRY 

HEAT RELEASED IN FLAME ZONE = .6162E+04 BTU/LB OF DRY FUEL 

HEAT LOST VAPORIZING THE MOISTURE IN THE FUEL =  .3252E+03 BTU/LB OF DRY FUEL 
TOTAL GAS FLOW THRU THE FLAME =  .1615E+05 LB/HR 

THEORETICAL (ADIABATIC) FLAME TEMPERATURE = 2010. DEGF 

23 



PRODUCTS OF COMBUSTION OF SOLID WASTE IN FLAME ZONE 
(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE    1.3647 

WATER VAPOR     . 7959 

CARBON MONOXIDE...   0.0000 

OXYGEN    1.0568 
NITROGEN    7.2041 

HYDROGEN    0.0000 

CARBON    0.0000 

HOMOGENEOUS FLAME TEMPERATURE = 1568. DEGF 

HEAT RELEASED IN PRIMARY COMBUSTION CHAMBER =  .2910E-10 BTU/LB OF DRY FUEL 

TOTAL GAS FLOW THRU PRIMARY COMBUSTION CHAMBER =  .3037E+05 LB/HR 

HOMOGENEOUS TEMPERATURE OF COMBUSTION GASES IN PRIMARY COMBUSTION CHAMBER = 1163. 
PRIMARY COMBUSTION CHAMBER INSIDE WALL TEMPERATURE = 1185. DEGF 

PRIMARY COMBUSTION CHAMBER OUTSIDE WALL TEMPERATURE = 197. DEGF 

DEGF 

SPECIFIC HEAT OF PCC COMBUSTION PRODUCTS =  .26 BTU/LB-DEGF 
EMISSIVITY OF PCC COMBUSTION PRODUCTS =  .249 

PRODUCTS OF COMBUSTION OF SOLID WASTE AND OIL IN THE PRIMARY COMBUSTION CHAMBER 
(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE    1.3647 

WATER VAPOR     . 7959 

CARBON MONOXIDE...   0.0000 

OXYGEN    3.1900 

NITROGEN   14.2225 
HYDROGEN    0.0000 

CARBON    0.0000 

HEAT RELEASED IN SECONDARY COMBUSTION CHAMBER = .3778E+04 BTU/LB OF DRY FUEL 

TOTAL GAS FLOW THRU SECONDARY COMBUSTION CHAMBER = .3596E+05 LB/HR 

HOMOGENEOUS TEMPERATURE OF COMBUSTION GASES IN SECONDARY COMBUSTION CHAMBER = 1499. 

SECONDARY COMBUSTION CHAMBER INSIDE WALL TEMPERATURE = 1494. DEGF 

SECONDARY COMBUSTION CHAMBER OUTSIDE WALL TEMPERATURE = 224. DEGF 

DEGF 

SPECIFIC HEAT OF SCC COMBUSTION PRODUCTS = .27 BTU/LB-DEGF 

EMISSIVITY OF SCC COMBUSTION PRODUCTS =  .239 

PRODUCTS OF COMBUSTION OF SOLID WASTE AND OIL IN THE SECONDARY COMBUSTION CHAMBER 
(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE     2.0065 

WATER VAPOR    1.0157 

CARBON MONOXIDE...   0.0000 
OXYGEN    3.3211 

NITROGEN   16.8284 

HYDROGEN    0.0000 

CARBON    0,0000 
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TOTAL GAS FLOW OUT THE STACK =  .3596E+05 LB/HR 

TEMPERATURE OF COMBUSTION GASES ENTERING THE BOILER = 1499. 

STACK GAS TEMPERATURE = 509. DEGF 

DEGF 

COMPOSITION OF STACK GASES 

(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE     2.0065 

WATER VAPOR    1.0157 

CARBON MONOXIDE...   0.0000 

OXYGEN    3.3211 

NITROGEN   16.8284 

HYDROGEN    0.0000 

CARBON  0.0000 

CONVECTION BOILER 

STEAM GENERATION = 8657. LB/HR 

BOILER HEAT TRANSFER RATE =  .9980E+07 BTU/HR 

BOILER OVERALL HEAT TRANSFER COEFFICIENT =  3.47 BTU/HR-SQFT-DEGF 

THERMAL EFFICIENCY OF BOILER = .66 

OVERALL EFFICIENCY OF HEAT RECOVERY INCINERATOR 

USING THE DIRECT METHOD 

INPUT = .1058E+08 BTU/HR OF WASTE (HHV*DRY FEED RATE) 

+ .6186E+07 BTU/HR OF OIL (HHV*FLOW RATE) 

+ .2001E+07 BTU/HR FROM MISCELLANEOUS ACCESSORIES 

OUTPUT = .9072E+07 BTU/HR TO STEAM 

EFFICIENCY = OUTPUT/INPUT =  .48 

USING THE SUMMATION OF LOSSES METHOD 

INPUT BTU/HR 

CHEMICAL + SENSIBLE ENERGY OF WASTE FUEL  .1058E+08 

ENTHALPY OF COMBUSTION AIR 1636E+06 

CHEMICAL + SENSIBLE ENERGY OF OIL  .6186E+07 

ENTHALPY OF BOILER FEED WATER  . 1142E+07 

POl-JER REQUIRED TO RUN ACCESSORIES  . 2001E+07 

TOTAL INPUT TO HRI SYSTEM  . 2008E+08 

FRACTION OF TOTAL INPUT 

.5272 

.0081 

.3081 

.0569 

.0997 
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LOSSES 

VAPORIZATION OF MOISTURE WITH WASTE  

VAPOR. OF H20 GEN. BY BURNING H2 IN WASTE. 

CARBON CARRIED OUT WITH ASH  

SENSIBLE HEAT IN ASH  

HEAT TRANSFER THRU WALLS OF PCC  

HEAT TRANSFER THRU WALLS OF SCC  

INCOMPLETE COMBUSTION  

SENSIBLE HEAT IN STACK GASES  

LOSS OF STEAM DUE TO BLOW-DOWN  

POWER REQUIRED TO RUN ACCESSORIES  

TOTAL LOSSES FROM HRI SYSTEM  

BTU/HR 

.50I7E+06 

.1019E+07 

.3197E+06 

.1487E+06 

.2923E+06 

.6644E+06 

.4080E+07 

.1123E+07 

.2001E+07 

.1015E+08 

0. 

FRACTION OF TOTAL INPUT 

.0250 

.0508 

.0159 

.0074 

.0146 

.0331 

0.0000 

.2032 

. 0560 

.0997 

.5056 

EFFICIENCY = 1.-(TOTAL LOSSES)/(TOTAL INPUT) .49 
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Naval Air Station, Jacksonville, Fla. 

This is a dual combustion chamber device with a water tube boiler 
located downstream from the second combustion chamber.  The incinerator 
shown in Figure 1, without the waterwalls, is the Jacksonville incinerator. 

The average of the acceptance tests of 31 Oct 1979 (Ref 16) is 
duplicated.  These tests provide a new example because the incinerator 
is starved; air supplied to the primary chamber is not sufficient for 
the complete combustion of the waste. 

Input: 

2300. 8957. 

47.56 6.22 43.84 0.09 
20.00 77.90 0.46 1.64 

200. 1417. 

5. 0. 0. 0. 
5. 15.5 19700. 

86. 12. 0.5 0. 
100. 

50. 0. 410. 0. 
10. 0. 10. 

112. 488. 360. 50. 
70. 0.75 4.7 3.9 

2 

967.61 227. 195. 353. 
9.24 1800. 500. 1.7E4 

2.29 

95. 

1.5 

12. 

50.       5.     0.75     0.75 

1193.     325.     140.     0.02 
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Output: 

FEED RATES AND BOUNDARY CONDITIONS 

RTEL (WASTE) MASS FEED RATE = 2300. LB/HR WET 

HIGHER HEATING VALUE OF FUEL = 8957. BTU/LB DRY 

ULTIMATE ANALYSIS OF FUEL 

(PERCENT OF DRY WEIGHT) 

CARBON   47.56 

HYDROGEN    6.22 
OXYGEN   43.84 

NITROGEN     .09 

OTHER    2.29 

PROXIMATE ANALYSIS OF FUEL 

(PERCENT OF WEIGHT) 

MOISTURE   20.00 

VOLATILE MATTER.,  77.90 

FIXED CARBON 46 

ASH    1.64 

ASH REMOVAL RATE = 200. LB/HR 
HIGHER HEATING VALUE OF ASH = 1417. BTU/LB 

ULTIMATE ANALYSIS OF ASH 

(PERCENT OF DRY WEIGHT) 
CARBON     5.00 

HYDROGEN    0.00 

OXYGEN    0.00 
NITROGEN    0.00 

OTHER   95.00 

OIL FLOW TO PRIMARY COMBUSTION CHAMBER =   5. LB/HR 

OIL FLOW TO SECONDARY COMBUSTION CHAMBER =  16. LB/HR 

HIGHER HEATING VALUE OF OIL = 19700. BTU/LB 

ULTIMATE ANALYSIS OF OIL 

(PERCENT OF DRY WEIGHT) 

CARBON   86.00 

HYDROGEN   12.00 

OXYGEN     .50 

NITROGEN    0.00 

OTHER    1.50 

COMBUSTION AIR 
TO PRIMARY COMBUSTION CHAMBER (UNDERFIRE) =  50. LB/MIN 

TO PRIMARY COMBUSTION CHAMBER (OVERFIRE) =   0. LB/MIN 

TO SECONDARY COMBUSTION CHAMBER = 410. LB/MIN 

TO (WITH) PRIMARY OIL BURNER =   0. LB/MIN 
TO (WITH) SECONDARY OIL BURNER =  12. LB/MIN 

LEAKAGE AIR 
TO PRIMARY COMBUSTION CHAMBER = 10. LB/MIN 

TO SECONDARY COMBUSTION CHAMBER =  0. LB/MIN 

DOWN THE DUMP STACK = 10. LB/MIN 

AMBIENT AIR TEMPERATURE = 70. DEGF 
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HEAT TRANSFER PARAMETERS 

SURFACE AREA OF FLAME FRONT = 112. SQFT 

SURFACE AREA OF PCC = 488. SQFT 

SURFACE AREA OF SCC = 360. SQFT 

EMISSIVITY OF OUTER SURFACE OF INCINERATOR =  .75 

CONVECTION FILM COEFFICIENTS 

INNER SURFACE OF PCC = 50. BTU/HR-SQFT-DEGF 

INNER SURFACE OF SCC = 50. BTU/HR-SQFT-DEGF 

OUTER SURFACE OF INCINERATOR =  5. BTU/HR-SQFT-DEGF 

THERMAL CONDUCTANCE THRU WALLS 

OF PRIMARY COMBUSTION CHAMBER = .750 BTU/HR-SQFT-DEGF 

OF SECONDARY COMBUSTION CHAMBER =  .750 BTU/HR-SQFT-DEGF 
MEAN BEAM LENGTH 

OF PRIMARY COMBUSTION CHAMBER = 4.70 FT 

OF SECONDARY COMBUSTION CHAMBER = 3.90 FT 

HRI HAS A CONVECTION TYPE BOILER AT THE SCC EXIT 

CONVECTION BOILER CHARACTERISTICS 

SURFACE AREA OF TUBES = 968. SQFT 

FEED WATER PROPERTIES 

TEMPERATURE = 227. DEGF 

ENTHALPY = 195. BTU/LB 
STEAM PROPERTIES 

TEMPERATURE =353. DEGF 

PRESSURE = 140. PSIA 

ENTHALPY = 1193. BTU/LB (VAPOR) 

ENTHALPY = 325. BTU/LB (LIQUID) 
BOILER BLOW-DOWN = 2.0 PERCENT OF STEAM GENERATED 

OVERALL HEAT TRANSFER COEFFICIENT =  9.24 BTU/HR-SQFT-DEGF AT THE DESIGN POINT 

AIR REQUIRED FOR STOICHIOMETRIC COMBUSTION OF SOLID WASTE = 174.64 LB/MIN 
HEAT ABSORBED IN BREAKING DOWN FUEL = -1570. BTU/LB 

PRODUCTS OF COMBUSTION OF SOLID WASTE WITH STOICHIOMETRIC AIR 
(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE    1.7439 

WATER VAPOR     . 8098 

CARBON MONOXIDE...   0.0000 

OXYGEN    0.0000 

NITROGEN    4.3683 
HYDROGEN    0.0000 

CARBON    0.0000 

FUEL (WASTE) MASS FEED RATE = 1840. LB/HR DRY 

HEAT RELEASED IN FLAME ZONE = .1670E+04 BTU/LB OF DRY FUEL 

HEAT LOST VAPORIZING THE MOISTURE IN THE FUEL =  .2426E+03 BTU/LB OF DRY FUEL 
TOTAL GAS FLOW THRU THE FLAME =  .5100E+04 LB/HR 

THEORETICAL (ADIABATIC) FLAME TEMPERATURE = 1550. DEGF 
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PRODUCTS OF COMBUSTION OF SOLID WASTE IN FLAME, ZONE 

(LBS/LB OF DRY HIEL) 

CARBON DIOXIDE    0.0000 

WATER VAPOR     . 5108 
CARBON MONOXIDE...   1.0220 

OXYGEN    0.0000 

NITROGEN  1.2425 

HYDROGEN.     .0332 
CARBON     .0322 

HOMOGENEOUS FLAME TEMPERATURE = 1517. DEGF 

HEAT RELEASED IN PRIMARY COMBUSTION CHAMBER =  .3377E+03 BTU/LB OF DRY FUEL 

TOTAL GAS FLOW THRU PRIMARY COMBUSTION CHAMBER =  .5705E+04 LB/HR 
HOMOGENEOUS TEMPERATURE OF COMBUSTION GASES IN PRIMARY COMBUSTION CHAMBER = 1515, 

PRIW,RY COMBUSTION CHAMBER INSIDE WALL TEMPERATURE = 1502. DEGF 
PRIMARY COMBUSTION CHAMBER OUTSIDE WALL TEMPERATURE =  225. DEGF 

DEGF 

SPECIFIC HEAT OF PCC COMBUSTION PRODUCTS =  .34 BTU/LB-DEGF 
EMISSIVITY OF PCC COMBUSTION PRODUCTS =  .349 

PRODUCTS OF COMBUSTION OF SOLID WASTE AND OIL IN THE PRIMARY COMBUSTION CHAMBER 

(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE     .0220 

WATER VAPOR     . 5349 
CARBON MONOXIDE...    1.0885 

OXYGEN    0.0000 
NITROGEN    1.4908 

HYDROGEN  .0309 

CARBON    0.0000 

HEAT RELEASED IN SECONDARY COMBUSTION CHAMBER =  .6491E+04 BTU/LB OF DRY FUEL 

TOTAL GAS FLOW THRU SECONDARY COMBUSTION CHAMBER =  .3104E+05 LB/HR 
HOMOGENEOUS TEMPERATURE OF COMBUSTION GASES IN SECONDARY COMBUSTION CHAMBER = 1736. DEGF 

SECONDARY COMBUSTION CHAMBER INSIDE WALL TEMPERATURE = 1718. DEGF 

SECONDARY COMBUSTION CHAMBER OUTSIDE WALL TEMPERATURE = 247. DEGF 

SPECIFIC HEAT OF SCC COMBUSTION PRODUCTS =  .28 BTU/LB-DEGF 

EMISSIVITY OF SCC COMBUSTION PRODUCTS =  .204 

PRODUCTS OF COMBUSTION OF SOLID WASTE AND OIL IN THE SECONDARY COMBUSTION CHAMBER 

(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE    1.7591 

WATER VAPOR     . 8 218 
CARBON MONOXIDE... 0.0000 

OXYGEN    2.2889 

NITROGEN   11.9701 

HYDROGEN     0.0000 

CARBON    0.0000 
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TOTAL GAS FLOW OUT THE STACK = .3164E+05 LB/HR 

TEMPERATURE OF COMBUSTION GASES ENTERING THE BOILER 

STACK GAS TEMPERATURE = 609. DEGF 

COMPOSITION OF STACK GASES 

(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE     1.7591 

WATER VAPOR 8218 

CARBON MONOXIDE,..   0.0000 

OXYGEN    2.3644 

NITROGEN   12.2184 

HYDROGEN    0.0000 

CARBON    0.0000 

CONVECTION BOILER 

STEAM GENERATION = 9804. LB/HR 

1708. DEGF 

BOILER HEAT TRANSFER RATE =  .9980E+07 BTU/HR 

BOILER OVERALL HEAT TRANSFER COEFFICIENT = 13.43 BTU/HR-SQFT-DEGF 

THERMAL EFFICIENCY OF BOILER =  .71 

OVERALL EFFICIENCY OF HEAT RECOVERY INCINERATOR 

USING THE DIRECT METHOD 

INPUT =  .1648E+08 BTU/HR OF WASTE (HHV*DRY FEED RATE) 

+ .4039E+06 BTU/HR OF OIL (HHV*FLOW RATE) 

+ .3415E+06 BTU/HR FROM MISCELLANEOUS ACCESSORIES 

OUTPUT =  .9785E+07 BTU/HR TO STEAM 

EFFICIENCY = OUTPUT/INPUT =  .57 

USING THE SUMMATION OF LOSSES METHOD 

INPUT BTU/HR 

CHEMICAL + SENSIBLE ENERGY OF WASTE FUEL  .1649E+08 

ENTHALPY OF COMBUSTION AIR  .7085E+05 

CHEMICAL + SENSIBLE ENERGY OF OIL  .4039E+06 

ENTHALPY OF BOILER FEED WATER  . 1669E+07 

POWER REQUIRED TO RUN ACCESSORIES  . 3415E+06 

TOTAL INPUT TO HRI SYSTEM 1897E+08 

FRACTION OF TOTAL INPUT 

.8690 

.0037 

.0213 

.0880 

.0180 
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LOSSES 

VAPORIZATION OF MOISTURE WITH WASTE  

VAPOR. OF H20 GEN. BY BURNING H2 IN WASTE. 

CARBON CARRIED OUT WITH ASH  

SENSIBLE HEAT IN ASH  

HEAT TRANSFER THRU WALLS OF PCC  

HEAT TRANSFER THRU WALLS OF SCC  

INCOMPLETE COMBUSTION  

SENSIBLE HEAT IN STACK GASES  

LOSS OF STEAM DUE TO BLOW-DOWN  

POWER REQUIRED TO RUN ACCESSORIES  

TOTAL LOSSES FROM HRI SYSTEM  

BTU/HR 

.4463E+06 

.1021E+07 

.1410E+06 

.5828E+05 

.4674E+06 

.3972E+06 

.4426E+07 

.2331E+06 

.3415E+06 

.7532E+07 

0. 

FRACTION OF TOTAL INPUT 

.0235 

.0538 

.0074 

.0031 

.0246 

.0209 

0.0000 

.2333 

.0123 

,0180 

.3970  ■ 

EFFICIENCY = 1.-(TOTAL LOSSES)/(TOTAL INPUT) .60 
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Besancon, France, Unit No. 3 (Ref 17) 

This example illustrates the potential of the model to simulate 
waterwalls.  As shown in Figure 9, the waterwalls do not "see" the 
flame; for purposes of modeling, they are considered to be in a secondary 
chamber.  The device also has a convection type heat exchanger. 

Input: 

6000. 6200. 

37.29 4.99 32.11 0.46 25. i; 

20.00 52.70 7.30 20.00 

630. 1417. 

5. 0. 0. 0. 95 

0. 0. 19700. 

86. 12. 0.5 0. 1.: 

85.23 

if 30. 230. 0. 0. 0 

0. 0. 0. 

126. 677. 75. 50. 50 

70. 0.75 4.9 4.2 
1 

1200. 194. 162. 482. 1236 

9. 1800. 500. 1.7E4 

482. 368. 1236. 194. 162 

5.     0.75     0.75 

416.     368.     0.02 

0.02 
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Output: 

FEED RATES AND BOUNDARY CONDITIONS 

FUEL (WASTE) MASS FEED RATE = 6000. LB/HR WET 

HIGHER HEATING VALUE OF FUEL = 6200. BTU/LB DRY 

ULTIMATE, ANALYSIS OF FUEL 

(PERCENT OF DRY VJEIGHT) 

CARBON   37.29 

HYDROGEN    ^.99 

OXYGEN   32.11 

NITROGEN     .46 

OTHER   25.15 

PROXIMATE ANALYSIS OF FUEL 

(PERCENT OF WEIGHT) 

MOISTURE   20.00 

VOLATILE MATTER..  52.70 

FIXED CARBON    7.30 

ASH   20.00 

ASH REMOVAL RATE = 630. LB/HR 

HIGHER HEATING VALUE OF ASH = 1417. BTU/LB 

ULTIMATE ANALYSIS OF ASH 

(PERCENT OF DRY WEIGHT) 

CARBON     5.00 

HYDROGEN    0.00 

OXYGEN    0.00 

NITROGEN     0.00 

OTHER   95.00 

OIL FLOW TO PRIMARY COMBUSTION CHAMBER =   0. LB/HR 

OIL FLOW TO SECONDARY COMBUSTION CHAMBER =   0. LB/HR 

HIGHER HEATING VALUE OF OIL = 19700. BTU/LB 

ULTIMATE ANALYSIS OF OIL 

(PERCENT OF DRY WEIGHT) 

CARBON   86.00 

HYDROGEN   12.00 

OXYGEN     .50 

NITROGEN    0.00 

OTHER    1.50 

COMBUSTION AIR 

TO PRIMARY COMBUSTION CHAMBER (UNDERFIRE) = 430. LB/MIN 

TO PRIMARY COMBUSTION CHAMBER (OVERFIRE) = 230. LB/MIN 

TO SECONDARY COMBUSTION CHAMBER =   0. LB/MIN 

TO (WITH) PRIMARY OIL BURNER =   0. LB/MIN 

TO (WITH) SECONDARY OIL BURNER =   0. LB/MIN 

LEAKAGE AIR 

TO PRIMARY COMBUSTION CHAMBER =  0. LB/MIN 

TO SECONDARY COMBUSTION CHAMBER =  0. LB/MIN 

DOWN THE DUMP STACK =  0. LB/MIN 

AMBIENT AIR TEMPERATURE = 70. DEGF 
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HEAT TRANSFER PARAMETERS 
SURFACE AREA OF FLAME FRONT = 126. SQFT 

SURFACE AREA OF FCC = 677. SQFT 

SURFACE AREA OF SCC =  75. SQFT 
EMISSIVITY OF OUTER SURFACE OF INCINERATOR =  .75 

CONVECTION FILM COEFFICIENTS 

INNER SURFACE OF PCC = 50. BTU/HR-SQFT-DEGF 
INNER SURFACE OF SCC = 50. BTU/HR-SQFT-DEGF 
OUTER SURFACE OF INCINERATOR =  5. BTU/HR-SQFT-DEGF 

THERMAL CONDUCTANCE THRU WALLS 
OF PRIMARY COMBUSTION CHAMBER =  .750 BTU/HR-SQFT-DEGF 
OF SECONDARY COMBUSTION CHAMBER =  .750 BTU/HR-SQFT-DEGF 

MEAN BEAM LENGTH 
OF PRIMARY COMBUSTION CHAMBER = 4.90 FT 

OF SECONDARY COMBUSTION CHAMBER = 4.20 FT 

HRI HAS BOTH A SCC WATER-WALL AND CONVECTION TYPE BOILER 

CONVECTION BOILER CHARACTERISTICS 

SURFACE AREA OF TUBES = 1200. SQFT 
FEED WATER PROPERTIES 

TEMPERATURE = 194. DEGF 
ENTHALPY =162. BTU/LB 

STEAM PROPERTIES 

TEMPERATURE =482. DEGF 

PRESSURE = 368. PSIA 
ENTHALPY = 1236. BTU/LB (VAPOR) 

ENTHALPY = 416. BTU/LB (LIQUID) 
BOILER BLOW-DOWN = 2.0 PERCENT OF STEAM GENERATED 
OVERALL HEAT TRANSFER COEFFICIENT =  9.00 BTU/HR-SQFT-DEGF AT THE DESIGN POINT 

SECONDARY COMBUSTION CHAMBER WATER-WALL BOILER CHARACTERISTICS 

SURFACE AREA OF WATER-WALL = 75. SQFT 

FEED WATER PROPERTIES 

TEMPERATURE = 194. DEGF 

EHTHALPY =162. BTU/LB 
STEAM PROPERTIES 

TEMPERATURE =482. DEGF 

PRESSURE = 368. PSIA 
ENTHALPY = 1236. BTU/LB 

BOILER BLOW-DOWN = 2.0 PERCENT OF STEAM GENERATED 

AIR REQUIRED FOR STOICHIOMETRIC COMBUSTION OF SOLID WASTE = 368.08 LB/MIN 

HEAT ABSORBED IN BREAKING DOWN FUEL = -2123. BTU/LB 
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PRODUCTS OF COMBUSTION OF SOLID WASTE WITH STOICHIOMETRIC AIR 

(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE    1,3673 

WATER VAPOR     .6991 

CARBON MONOXIDE...   0.0000 

OXYGEN    0.0000 

NITROGEN    3.5331 

HYDROGEN    0.0000 

CARBON    0.0000 

FUEL (WASTE) MASS FEED RATE = 4800. LB/HR DRY 

HEAT RELEASED IN FLAI'ffi ZONE =  .5635E+04 BTU/LB OF DRY FUEL 

HEAT LOST VAPORIZING THE MOISTURE IN THE FUEL = .2426E+03 BTU/LB OF DRY FUEL 

TOTAL GAS FLOW THRU THE FLAME =  .3117E+05 LB/HR 

THEORETICAL (ADIABATIC) FI.AME TEMPERATURE = 2747. DEGF 

PRODUCTS OF COMBUSTION OF SOLID WASTE IN FLAME ZONE 

(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE....   1.3432 

WATER VAPOR     . 6991 

CARBON MONOXIDE...   0.0000 

OXYGEN     .1891 

NITROGEN    4.0978 

HYDROGEN    0.0000 

CARBON    0.0000 

HOMOGENEOUS FLAME TEMPERATURE = 2324. DEGF 

HEAT RELEASED IN PRIMARY COMBUSTION CHAMBER = 0.        BTU/LB OF DRY FUEL 

TOTAL GAS FLOW THRU PRIMARY COMBUSTION CHAMBER =  .4497E+05 LB/HR 

HOMOGENEOUS TEMPERATURE OF COMBUSTION GASES IN PRIMARY COMBUSTION CHAMBER = 1994. DEGF 

PRIMARY COMBUSTION CHAMBER INSIDE WALL TEMPERATURE = 2052. DEGF 

PRIMARY COMBUSTION CHAMBER OUTSIDE WALL TEMPERATURE = 279. DEGF 

SPECIFIC HEAT OF PCC COMBUSTION PRODUCTS 

EMISSIVITY OF PCC COMBUSTION PRODUCTS = 

.29 BTU/LB-DEGF 

,252 

PRODUCTS OF COMBUSTION OF SOLID WASTE AND OIL IN THE PRIMARY COMBUSTION CHAMBER 

(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE....   1.3432 

WATER VAPOR     . 6991 

CARBON MONOXIDE...   0.0000 'V 

OXYGEN     .8546 

NITROGEN    6.2872 

HYDROGEN    0.0000 

CARBON    0.0000 
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HEAT RELEASED IN SECONDARY COMBUSTION CHAMBER = 0.       BTU/LB OF DRY FUEL 

TOTAL GAS FLOW THRU SECONDARY COMBUSTION CHAMBER = .4497E+05 LB/HR 

HOMOGENEOUS TEMPERATURE OF COMBUSTION GASES IN SECONDARY COMBUSTION CHAMBER = 1642. 

SECONDARY COMBUSTION CHAMBER INSIDE WALL TEMPERATURE = 482. DEGF 

SECONDARY COMBUSTION CHAMBER OUTSIDE WALL TEMPERATURE = 117. DECF 

DEGF 

SPECIFIC HEAT OF SCO COMBUSTION PRODUCTS =  .28 BTU/LB-DEGF 

EMISSIVITY OF SCC COMBUSTION PRODUCTS = .267 

I 

PRODUCTS OF COMBUSTION OF SOLID WASTE AND OIL IN THE SECONDARY COMBUSTION CHAMBER 

(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE    1.3432 

WATER VAPOR     . 6991 

CARBON MONOXIDE...   0.0000 
OXYGEN     ,8546 

NITROGEN    6.2872 

HYDROGEN    0.0000 

CARBON    0.0000 

TOTAL GAS FLOW OUT THE STACK =  .4497E+05 LB/HR 
TEMPERATURE OF COMBUSTION GASES ENTERING THE BOILER 

STACK GAS TEMPERATURE = 597. DEGF 

1642. DEGF 

COMPOSITION OF STACK GASES 
(LBS/LB OF DRY FUEL) 

CARBON DIOXIDE....   1.3432 

WATER VAPOR     .6991 
CARBON MONOXIDE...   0.0000 

OXYGEN     .8546 

NITROGEN    6.2872 

HYDROGEN    0.0000 
CARBON    0.0000 

CONVECTION BOILER 

STEAM GENERATION = 12614. LB/HR 

BOILER HEAT TRANSFER RATE =  .1382E+08 BTU/HR 
BOILER OVERALL HEAT TRANSFER COEFFICIENT = 16.08 BTU/HR-SQFT-DEGF 

THERMAL EFFICIENCY OF BOILER =  .70 

SECONDARY COMBUSTION CHAMBER WATER-WALL BOILER 

STEAM GENERATION = 4621. LB/HR 

TOTAL HEAT TRANSFERRED TO WALLS = .4984E+07 BTU/HR 
BY CONVECTION FROM PRODUCTS OF COMBUSTION = .4349E+07 BTU/HR (87.3 PERCENT OF TOTAL) 

BY RADIATION FROM PRODUCTS OF COMBUSTION =  .6347E+06 BTU/HR (12.7 PERCENT OF TOTAL) 

HEAT LOST BY CONDUCTION OUT THRU THE WALLS =  .2055E+05 BTU/HR 

THERMAL EFFICIENCY OF BOILER = .21 
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OVERALL EFFICIENCY OF HEAT RECOVERY INCINERATOR 

USING THE DIRECT METHOD 

INPUT = .2976E+08 BTU/HR OF WASTE (HHV*DRY FEED RATE) 

+ 0.        BTU/HR OF OIL (HHV*FLOW RATE) 

+ .2911E+06 BTU/HR FROM MISCELLANEOUS ACCESSORIES 

OUTPUT =  .185IE+08 BTU/HR TO STEAM 

EFFICIENCY = OUTPUT/INPUT = .62 

USING THE SUMI-IATION OF LOSSES METHOD 

INPUT 

CHEMICAL + SENSIBLE ENERGY OF WASTE FUEL.. 

ENTHALPY OF COMBUSTION AIR  

CHEMICAL + SENSIBLE ENERGY OF OIL  

ENTHALPY OF BOILER FEED WATER  

VOmR  REQUIRED TO RUN ACCESSORIES  

TOTAL INPUT TO HRI SYSTEM  

LOSSES 

VAPORIZATION OF MOISTURE WITH WASTE  

VAPOR. OF H20 GEN. BY BURNING H2 IN WASTE. 

CAP-BON CARRIED OUT WITH ASH  

SENSIBLE HEAT IN ASH  

HEAT TRANSFER THRU WALLS OF PCC  

HEAT TRANSFER THRU WALLS OF SCC  

INCOMPLETE COMBUSTION  

SENSIBLE HEAT IN STACK GASES  

LOSS OF STEAM DUE TO BLOW-DOWN  

POliffiR REQUIRED TO RUN ACCESSORIES  

TOTAL LOSSES FROM HRI SYSTEM  

0. 

BTU/HR 

.2977E+08 

.9504E+05 

.2355E+07 

.2911E+06 

.3251E+08 

BTU/HR 

.1164E+07 

.2092E+07 

.4441E+06 

.2852E+06 

.9001E+06 

.2055E+05 

0. 

.6298E+07 

.4249E+06 

.2911E+06 

.1192E+08 

FRACTION OF TOTAL INPUT 

.9157 

.0029 

0.0000 

.0724 

.0090 

FRACTION OF TOTAL INPUT 

.0358 

.0643 

.0137 

.0088 

.0277 

.0006 

0.0000 

.1937 

.0131 

.0090 

.3666 

EFFICIENCY = 1.-(TOTAL LOSSES)/(TOTAL INPUT) =  .63 
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PROGRAM LISTING 

Included in this section are a list of the program variables, flow 
diagrams of the program and, finally, the complete FORTRAN listing. 

Program Nomenclature 

[" indicates inputs and data] 

ABOIL" Surface area of boiler tubes, ft^ 

AFLAME* Surface area of hearth covered by the flame, ft^ 

AIR Sum of all airflows entering the incinerator 

AIROP'^ Overfire air, Ib/min 

AIROIL(l)" Air supplied to the oil burners in the PCC, Ib/min 

AIR0IL(2)* Air supplied to the oil burners in the SCC, Ib/min 

AIRPCC* Underfire combustion air, Ib/min 

AIRSCC* Combustion air supplied to the SCC, Ib/min 

APCC* Surface area of PCC walls, ft^ 

ASCC* Surface area of SCC walls, ft^ 

ASH* Rate of ash removal, Ib/hr 

ASHE* Ash content of waste via proximate analysis, % by 
weight 

BD(I)*       Slowdown losses from the various boiler configurations, 
fraction of steam generated 

C(l)* Carbon content of waste via ultimate analysis, % of 
dry weight 

C(2)*        Carbon content of ash, % of weight 

C(3)* Carbon content of oil used as an auxiliary fuel, % 
of weight 

CARBON(l)     Elemental carbon in the fuel, moles/lb of waste 

CARB0N(2)     Carbon formed as a result of the incomplete combustion of 
the fuel, moles/lb of waste 

CO Accumulative carbon monoxide formed via combustion of 
the waste and oil, moles CO/lb of waste 
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COIL 

C02 

CPF 

CPGAS 

CPOUT 

CPF 

CPS 

D 

DCPF 

DCPGAS 

DCPP 

DCPS 

DEFLME 

DEPCC 

DESCC 

DEV 

DEVMAX 

DEVOID 

DEWALL 

DFDT 

DKFDT 

DMUDT 

Carbon content of oil, moles/lb of oil 

Accumulative carbon dioxide formed via combustion of 
waste and oil, moles CO /lb of waste 

Specific heat of combustion products in the flame, 
Btu/lb-°F 

Specific heat of combustion products inside the boiler, 
Btu/lb-°F 

Specific heat of combustion products if flame was adiabatic, 
Btu/lb-°F 

Specific heat of combustion products inside PCC, Btu/lb-°F 

Specific heat of combustion products inside SCC, Btu/lb-°F 

Resultant determinate calculated in subroutine MINV 

Derivative of CPF with respect to temperature 

Derivative of CPGAS with respect to temperature 

Derivative of CPP with respect to temperature 

Derivative of CPS with respect to temperature 

Derivative of EFLME with respect to temperature 

Derivative of EPCC with respect to temperature 

Derivative of ESCC with respect to temperature 

The change in the value of calculated temperatures from 
one iteration to the next 

Maximum value of DEV following an iteration for 
temperatures 

Value of DEV in the preceding iteration 

Derivative of EWALL with respect to temperature 

Derivative of the function F(l) with respect to 
temperature 

Derivative of KF with respect to temperature 

Derivative of MU with respect to temperature 
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DSAVE 

DUDT 

EFF 

EFLME 

EPCC 

ESCC 

ESHELL 

EWALL 

F(I) 

FACTOR 

FC* 

FLOW 

FUEL* 

F1-F25 

GAS 

GASOUT 

GASPCC 

GASSCC 

H(l)* 

H(2)* 

H(3)* 

HCONV(l)* 

Value of DEVMAX in the preceding iteration 

Derivative of U with respect to temperature 

Boiler or overall incinerator efficiency 

Emissivity of combustion products in the flame 

Emissivity of combustion products in the PCC 

Emissivity of combustion products in the SCC 

Emissivity of the outer shell of the incinerator 

Emissivity of the walls of the PCC or SCC 

Functions used to define conservation of energy equations 
during Newton-Raphson iteration 

Variable of convenience 

Fixed carbon content of waste via proximate analysis, 
% by weight 

Flow rate of combustion gas through boiler at design 
point, Ib/hr 

Feed rate of waste; wet waste is input then later converted 
to a dry waste equivalent, Ib/hr 

Constants of convenience 

Total mass flowing through the flame, both waste and 
combustion air, Ib/hr 

Total combustion gases flowing through the boiler, Ib/hr 

Total combustion gases flowing through PCC, Ib/hr 

Total combustion gas flowing through SCC, Ib/hr 

Hydrogen content of waste via ultimate analysis, % 
of dry weight 

Hydrogen content of ash, %  of weight 

Hydrogen content of oil, % of weight 

Convective heat transfer coefficient of inner walls of 
PCC, Btu/hr-ft2-°F 
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HC0NV(2)*     Convective heat transfer coefficient of inner walls of 
sec, Btu/hr-ft2-°F 

HC0NV(3)*     Convective heat transfer coefficient of outer surface of 
incinerator, Btu/hr-ft^-T 

HDATUM* Enthalpy reference value, Btu/lb 

HEVAP* Enthalpy of feed water at saturation, Btu/lb 

HFEED(I)* Enthalpy of feed water as supplied to boilers, Btu/lb 

HFG* Heat of vaporization of moisture in the waste, Btu/lb 

HHV(l)" Higher heating value of waste, Btu/lb 

HHV(2)* Higher heating value of ash, Btu/lb 

HHV(3)* Higher heating value of oil, Btu/lb 

HOIL Elemental hydrogen content of oil, moles/lb of oil 

HSTM(I)* Enthalpy of the steam leaving the boilers, Btu/lb 

HTCO* Enthalpy of formation of carbon monoxide, Btu/mole 

HTCOMB        Total energy released during combustion in the PCC and 
then in the SCC, Btu/lb of fuel 

HTC02"        Enthalpy of formation of carbon dioxide, Btu/mole 

HTFLME       Net energy released during combustion in the flame 
zone, Btu/hr 

HTFUEL        Energy absorbed/emitted in breaking down the fuel; in 
effect, a heat of pyrolysis, Btu/lb of fuel 

HTH20(l)*     Enthalpy of formation of water vapor, Btu/mole 

HTH20(2)*     Enthalpy of formation of water, Btu/mole 

HTIN Energy released to adiabatic flame, Btu/hr 

HTLOST        Energy lost vaporizing the moisture in the waste, 
Btu/lb of waste 

HTOIL Energy absorbed/emitted in breaking down the oil, 
Btu/lb of oil entering PCC 

HTOILP        Energy absorbed/emitted in breaking down the oil, 
Btu/lb of waste 
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HTOILS        Energy absorbed/emitted in breaking down the oil, 
Btu/lb of oil entering SCC 

HTOTAL        Total water at a particular location, moles/lb of fuel 

HTPCC Total energy released to the PCC, Btu 

HTSCC        Total energy released to the SCC, Btu 

HYD Elemental hydrogen arriving at a particular combustion 
zone, moles/lb of fuel 

H2 Hydrogen gas formed as a result of the incomplete combustion 
of the fuel, moles/lb of fuel 

H20(l)        Moisture entering with the waste, moles/lb of waste 

H20(2)        Water vapor formed as a result of burning the hydrogen 
in the waste, moles/lb of waste 

INPUT(l) Chemical plus sensible energy of the waste, Btu/hr 

INPUT(2) Enthalpy of the combustion air, Btu/hr 

INPUT(3) Chemical plus sensible energy of the oil, Btu/hr 

INPUT(4) Enthalpy of boiler feed water, Btu/hr 

INPUT(5) Power required to run accessories, Btu/hr 

ITER" Maximum number of iterations allowed 

JBOIL(I) Jacobian of the energy equations governing the boiler 

JPCC Jacobian of the energy equations governing the PCC 

JSCC Jacobian of the energy equations governing the SCC 

KF Average thermal conductivity of combustion gases passing 
through the boiler 

KW* External power requirements of the incinerator, kW 

KWALL(l)*     Effective thermal conductance through walls of PCC; 
thermal conductivity divided by thickness, Btu/hr-ft2-°F 

KWALL(2)*     Effective thermal conductance through walls of SCC, 
Btu/hr-ft2-°F 

LEAK(l)*      Air leakage into or out of the PCC, Ib/min 

LEAK(2)*      Air leakage into or out of the SCC, Ib/min 
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LEAK(3)*      Air leakage down the dump stack, Ib/min 

LOSSES(1)     Loss due to vaporization of moisture with waste, Btu/hr 

LOSSES(2)     Loss due to vaporization of moisture generated by burning 
hydrogen in the waste, Btu/hr 

LOSSES(3) Loss due to carbon carried out with the ash, Btu/hr 

L0SSES(4) Loss due to sensible heat in ash, Btu/hr 

LOSSES(5) Loss due to heat transfer out through walls of PCC, Btu/hr 

LOSSES(6) Loss due to heat transfer out through walls of SCC, Btu/hr 

LOSSES(7)     Loss due to hydrogen and carbon monoxide in stack gases, 
Btu/hr 

L0SSES(8) Loss due to sensible heat in stack gases, Btu/hr 

LOSSES(9) Loss of steam to blowdown, Btu/hr 

LPCC* Mean beam length of the PCC, ft 

LSCC* Mean beam length of the SCC, ft 

MUF Average viscosity of combustion gases passing through 
the boiler 

N(l)*        Nitrogen content of waste via ultimate analysis, % 
of dry weight 

N(2)*        Nitrogen content of ash, % of weight 

N(3)*        Nitrogen content of oil, % of weight 

NIT Elemental nitrogen arriving at a particular combustion 
zone, moles/lb of waste 

NN Number of energy equations involved in a particular 
iteration 

N2 Amount of N„ arriving at a particular location, 
moles/lb of waste 

0(1)* Oxygen content of waste via ultimate analysis, % of 
dry weight 

0(2)*        Oxygen content of ash, %  of weight 

0(3)*        Oxygen content of oil, % of weight 
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OIL(l)*       Oil supplied to PCC burner, Ib/hr 

0IL(2)*       Oil supplied to SCC burner, Ib/hr 

OUTPUT        Energy of the steam generated in the boilers, Btu/hr 

OXY Elemental oxygen arriving at a particular combustion zone, 
moles/lb of waste 

02(1) Amount of oxygen arriving at a particular combustion zone 
(i.e., flame, PCC, or SCC), moles/lb of waste 

02(2) Amount of oxygen remaining after combustion in a 
particular zone, moles/lb of waste 

P(I) Products of combustion, lb/lb of waste 

PSTM(I)*      Pressure of steam leaving the boilers, psia 

QCOND Heat conducted through walls of combustion chambers, 
Btu/hr 

QCONV        Convection heat transfer from combustion gases to PCC 
or SCC waterwalls, Btu/hr 

QFLAME        Gross energy released to the flame, Btu/lb of waste 

QRADl        Radiation from flame to PCC waterwalls, Btu/hr 

QRAD2 Radiation from PCC or SCC combustion products to 
waterwalls, Btu/hr 

QSTM Heat transfer from combustion gases to steam, Btu/hr 

QTOTAL        Total heat transferred to waterwalls, PCC or SCC, as 
applicable, Btu/hr 

RATIO(I)      Percentages of convection and radiation heat transfer 
to waterwalls; later used to express inputs and losses 
as individual fractions 

SAVE Value of temperature in the preceding iteration 

SIGMA* Stefan-Boltzmann constant, Btu/hr-ft^-OR^ 

STEAM(l) Steam generated in convection boiler, Ib/hr 

STEAM(2) Steam generated by PCC waterwalls, Ib/hr 

STEAM(3) Steam generated by SCC waterwalls, Ib/hr 

STOICH        Air required for stoichiometric combustion of solid 
waste, Ib/min 
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T(I) 

TAMB* 

TDATUM-^^ 

TFEED(I)" 

TFLAME(l) 

TFLAME(2) 

TIN 

TOL^'^ 

TOTAL1 

T0TAL2 

TOUT 

TPCC 

TSCC 

TSHELL(I) 

TSTACK 

TSTM(I) 

TWALL(l) 

TWALL(2) 

TYPE* 

U 

UCONST 

VM" 

WATER* 

WVPL 

Temperature, as applicable, °R 

Ambient air temperature, °F 

Reference temperature, °R 

Feed water temperature, °F 

Adiabatic flame temperature, °R 

Homogeneous flame temperature, °R 

Design inlet temperature of convection boiler combustion 
gas, °F 

Iteration convergence tolerance, "F 

Total energy input to the incinerator, Btu/hr 

Total incinerator losses, Btu/hr 

Design exit temperature of convection boiler combustion 
gas, °F 

Temperature of combustion gases in PCC, °R 

Temperature of combustion gases in SCC, °R 

Temperature of the outer shell of the incinerator, 
°F 

Actual temperature of combustion gas exiting boiler 
(i.e., gases going up the stack), °R 

Temperature of steam leaving the boilers, °F 

Temperature of the inside of the PCC walls, °F 

Temperature of the inside of the SCC walls, °F 

Code to designate the incinerator configuration 

Convection boiler overall heat transfer coefficient, 
Btu/hr-ft2-°F 

Constant of proportionality used in calculating U 

Volatile matter in waste via proximate analysis, % 
by weight 

Moisture in waste via proximate analysis, % by weight 

Work vector used in subroutine MINV 
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WVPM Work vector 

WVSL Work vector 

WVSM Work vector 

X(I)* EverA ̂thine ^ 

'# 

Everything other than carbon, hydrogen, oxygen, and 
nitrogen as determined via ultimate analysis, % of 
dry weight 

Subroutine Nomenclature 

[When different from or not included in main program] 

FUNCTION SPHT 

CP(1) 

CP(2) 

CP(3) 

CP(A) 

CP(5) 

CP(6) 

DELTA 

H20 

MOLES 

MW 

FUNCTION DCPDT 

CP(I) 

FUNCTION EMISS 

DELTA 

ECO 

EC02 

Mean specific heat of oxygen between reference 
temperature and specified temperature, Btu/lb-°F 

Mean specific heat of nitrogen 

Mean specific heat of carbon monoxide 

Mean specific heat of hydrogen 

Mean specific heat of water vapor 

Mean specific heat of carbon dioxide 

Temperature relative to reference temperature, °F 

Water vapor in the gas mixture, moles/lb of waste 

Total number of moles in the gas mixture 

Molecular weight of the mixture 

Derivatives of the mean specific heats of the components 
of a gaseous mixture with respect to its specified 
temperature 

Emissivity correction to account for overlap of carbon 
dioxide and water vapor 

Emissivity of the carbon monoxide in the gas mixture 

Emissivity of the carbon dioxide in the gas mixture 
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EH20 

EMAX 

L 

PCO 

PCOL 

PC02 

PC02L 

PH20 

PH20L 

POWER 

TMAX 

FUNCTION DEDT 

DDELDT 

Emissivity of the water vapor in the gas mixture 

Variable of convenience 

Mean beam length, ft 

Partial pressure of carbon monoxide in gas mixture, 
atmospheres 

Product of partial pressure of carbon monoxide and 
mean beam length 

Partial pressure of carbon dioxide in gas mixture, 
atmospheres 

Product of partial pressure of carbon dioxide and mean 
beam length 

Partial pressure of water vapor in gas mixture, atmospheres 

Product of partial pressure of water vapor and mean 
beam length 

Variable of convenience 

Variable of convenience 

Correction of emissivity derivative to account for 
overlap of carbon dioxide and water vapor 

DECO Derivative of ECO with respect to temperature 

DEC02 Derivative of EC02 with respect to temperature 

DEH20 Derivative of EH20 with respect to temperature 

POWERl        Variable of convenience 

SUBROUTINE EQUATE 

S Elemental oxygen available for combustion 

STOICH Elemental oxygen required for complete combustion of 
the fuel 

Variable of convenience 

Flow Diagrams 

Function DEDT is analogous to function EMISS and is not diagrammed. 
Subroutine MINV, a simple matrix inversion, is not diagrammed.  Functions 
SPHT and DCPDT are trivial. 
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r START j 

SEE PROGRAM 
NOMENCLATURE FOR 
LIST OF INPUT 
VARIABLE 

INPUT SYSTEM PROPERTIES 
AND BOUNDARY CONDITIONS 

PRINT SYSTEM PROPERTIES 
AND BOUNDARY CONDITIONS 

INCLUDING 
STOICHIOMETRIC 
AIR AND ENERGY 
OF PYROLYSIS 

PRELIMINARY 
CALCULATIONS 

CALCULATE ADIABATIC 
FLAME TEMPERATURE 

SOLVE FOR 
TEMPERATURES OF 
FLAME, COMBUSTION 
PRODUCTS, AND WALL 

SOLVE ENERGY EQUATIONS 
GOVERNING FLAME AND 

PRIMARY COMBUSTION CHAMBER 
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SOLVE ENERGY EQUATIONS 
GOVERNING SECONDARY 
COMBUSTION CHAMBER 

SOLVE FOR 
TEMPERATURES 
AND STEAM 
GENERATION 

SOLVE ENERGY EQUATIONS 
GOVERNING GAS FLOWS 

THROUGH CONVECTION BOILER 

CALCULATE STEAM 
GENERATED BY 
WATERWALLS 

CALCULATE EFFICIENCIES 

( STOP J 
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ELEMENTAL C,H,0, 
AND N REMAINING 
AFTER SUBTRACTING 
ASH 

CARBON(I) -*— CARBON(1)-F1*C(2)/1200. 
HYD-*- HYD-F1*H(2)/I00. 
OXY-<— OXY-F1*0(2)/1600. 
NIT-*- [N(1)-F1*N(2)]/1400. 

COMBUSTION 
AIR 

02(1) -•- 0.434*AIRPCC/FUEL 
N2-*— 3.76*02(l)+NIT/2. 

COMPOSITION OF 
PRODUCTS OF 
COMBUSTION: 
HO, CO , CO 

EQUATE 

ENERGY RELEASED 
TO FLAME 

QFLAME-*- C02*HTC02+H20(2)* 
HTH20(I)+C0*HTC0+HTFUEL 

HTLOST-*— F4*HFG 
HTFLME-*- (0,FLAME-HTLOST)*FUEL 

GAS-*- FUEL/(1.-WATER/100.) 
+60.*AIRPCC-ASH 

INITIAL GUESS OF 
ADIABATIC FLAME 
TEMPERATURE 

HTOTAL-*- H20(l)+H20(2) 
HTIN-*— SPHT(AMBIENT)*GAS 

*(TAMB-TDATUM)+HTFLME 
TFLAME(l)-*— 3000. 

DEV TFLAME(I) 
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J"! 

NEWTON- 
RAPHSON 
ITERATION 

V  >i 

CHECK IF 
ITERATION IS 
CONVERGING 

IF NOT, 
TERMINATE 
RUN 

CHECK IF 
ITERATION HAS 
CONVERGED TO 
WITHIN 
TOLERANCE 

I-*- l.ITER 

CPOUT-*- SPHT (FLAME) 

F(l) -*- GAS*CP0UT*[TFLAME(1)- 
TDATUM]+HTFLME 

DFDT-*- GAS*CPOUT+GAS* 
[TFLAME(1)-TDATUM] 
*DCPDT(FLAME) 

TFLAME(l) -*- TFLAME(1)-F(1)/DFDT 

DEVOLD -*- DEV 
DEV-*- ABS[F(1)/DFDT] 

...J 

'DEV: 
DEVOLD 

NO 

YES 
 »- 

WRITE "ITERATION 
IS DIVERGING..." 

(W) 

NO 

© 
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0 
WRITE "ITERATION 
DID NOT CONVERGE 
TO WITHIN TOL 

AFTER ITER 
ITERATIONS" 

WRITE FLAME 
TEMPERATURE, 

GAS COMPOSITION, 
ETC. 

ADD CONTRIBUTION OF 
PCC OIL BURNER AND 
DETERMINE PCC COMBUSTION 
PRODUCTS AND ENERGY 
RELEASED IN THE SAME 
MANNER AS WITH THE 
ADIABATIC FLAME 
CALCULATIONS 

SIMPLIFY 
ITERATION BY 
COMBINING 
CONSTANTS 

F5 AFLAME*SIGMA 

F16 F6-F9-HTFLME 

INITIAL GUESS 
OF TEMPERATURE 
OF FLAME, PCC 
GASES, AND INSIDE 
AND OUTSIDE 
OF PCC WALLS 

T(]) 
T(2) 
T(3) 

3500. 
3200. 
3000. 
1000. 

SPECIFIC HEATS, 
EMTSSIVITIES, 
AND THEIR 
DERIVATIVES ARE 
FUNCTIONS OF 
UNKNOWN 
TEMPERATURES 
AND MUST BE 
INCLUDED IN 
THE ITERATION 

± 
<^i -*- ] ,ITERN 

-4--- 

CPF -*- SPHT (FLAME) 
CPP-*~ SPHT(PCC GASES) 
DCFF -*- DCPDT(FLAME) 
DCPP-*- DCPDT(PCC GASES) 
EFLME-«- EMISS (FLAME) 
EPCC-*- EMISS(PCC GASES) 
EWALL-*— El-riSS(WALL) 
DEFLME-*- DEDT(FLA14E) 
DEPCC-«- DEDT(PCC GASES) 
DEWALL -*- DEDT(WALL) 
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ENERGY EQUATIONS 
GOVERNING 
FLAME, PCC 
COMBUSTION 
PRODUCTS, AND 
INSIDE & OUTSIDE 
OF PCC WALLS, 
RESPECTIVELY 

FORM JACOBIAN 
OF ENERGY 
EQUATIONS 

INVERT THE 
JACOBIAN; JPCC 
IS NOW THE 
INVERTED MATRIX 

F(l) F5*[T(1)**4-(1.-EWALL) 
:/cT(3)**4-EPCC*T(2)**4] 
+GAS*CPF*[T(1)-TDATUM]-F6 

F(4) FI1*[T(4)-TAMB]+F12 
*[T(4)**4-TAMB**4] 
-F10*[T(3)-T(4)] 

JPCC(1,1) 4.*F5*T(1)**3 
+GAS*CPF+GAS* 
DCPF*[T(1)-TDATUM] 

JPCC(4,4)-<— F15+4.*F12*T(4)**3 

MINV 
(JPCC,NN,D,WVPL,WVPM) 

V  u 

J-<- 1,4 

1' t 

SAVE-*- T(J) 

K-<— 1,4 

T(J)-*- T(J)-JPCC(J,K)*F(K) 

(i) 
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CONVERGENCE 
CRITERIA 
ANALOGOUS TO 
THAT DESCRIBED 
ON FLOW CHART 
FOR ADIABATIC 
FLAME 
TEMPERATURE 

V / 

DETERMINE 
MAXIMUM ERROR 
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THE EUCKEN 
EQUATIONS ARE 
USED TO DESCRIBE 
THE VARIATION 
OF THERMAL 
CONDUCTIVITY AND 
VISCOSITY WITH 
BOILER 
TEMPERATURES 

TAVG-*- 0.25*[TIN+TFEED(1) 
+T0UT+TSTM(1)] 

FACTOR-*- TAVG**1.5/(225.+TAVG) 
KF-*- 9.986E-4*FACTOR 
MUF-<— 2.694E-3*FACTOR 
UCONST-*— U/KF/(FLOW/MUF)**0.6 

INITIAL GUESS OF 
BOILER HEAT 
TRANSFER, STEAM 
GENERATION RATE, 
AND STACK GAS 
TEMPERATURE 

QSTM-*— 1.2E7 
STEAM(l)-*- 10000. 
TSTACK-*— 1000. 

Jl 

AGAIN, USING 
EUCKEN EQUATIONS 

ENERGY EQUATIONS 
GOVERNING THE 
COMBUSTION 
PRODUCTS, STEAM, 
AND OVERALL 
BOILER 

1,ITER 

CALCULATE SPECIFIC 
HEAT, THERMAL 
CONDUCTIVITY, AND 
VISCOSITY BASED ON 
see TEMPERATURE, 
TSTACK, AND TEMPERATURES 
OF FEED WATER AND STEAM 

F(l)-*— GASOUT*CPGAS* (TSTACK 
-TDATUM)+QSTM-F24 

F(2)-*— STEAM(1)*F25-QSTM 
F(3)-*— U*AB0IL*[TSCC-TSTM(1) 

-TSTACK+TFEED(1)]/ 
FACTOR-QSTM 
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y A 

JACOBIAN OF 
ENERGY 
EQUATIONS 

INVERT THE 
JACOBIAN; JBOIL 
IS NOW THE 
INVERTED MATRIX 

NEWTON- 
RAPHSON 
ITERATION 

JBOIL(I, I) 

JBOIL(3,3) ABOIL/FACTOR*JDUDT 
*[TSCC-TSTM(1) 
-TSTACK+TFEEDd)] 
-U+U*[TSCC-TSTM(1)]/ 
[TSTACK-TFEED(I)]-!.[/ 
FACTOR 

MINV 
(JBOIL,NN,D,WVSL,WVSM) 

n 
u  u 

<K£Z3> 

QSTM-*- QSTM-JBOIL(1,K)*F(K) 
STEAM(l)-«— STEAM(I)- 

JB0IL(2,K)*F(K) 
TSTACK-*- TSTACK-JB0IL(3,K)*F(K) 

WRITE STEAM 
GENERATION AND 
STACK GAS 
TEMPERATURE 
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SUBROUTINE EQUATE 

ELEMENTAL OXYGEN 
AVAILABLE FOR 
COMBUSTION OF WASTE 

r EQUATE j 

S-«— OXY+2.*02(l) 

OXYGEN REQUIRED 
FOR COMPLETE 
COMBUSTION 

STOICH-*- HYD/2.+2.*CARBON(l) 

EXCESS AIR 
COMBUSTION 

STARVED AIR 
COMBUSTION OF 
THE HYDROGEN 

02(2) -«— 0. 
H20(2)-*— S*HYD/2./ST0ICH 
H2-*— HYD/2.-H20(2) 

H20(2)-*- HYD/2. 
C02-*- CARBON (1) 
H2-*— 0. 
CARB0N(2)-*— 0. 
CO-*- 0. 
02(2) -•- S/2.-HYD/4. 

-CARBON(1) 

STARVED AIR 
COMBUSTION OF 
THE CARBON 

L-i 
co-«— s 
CARBON(2) 
C02-*— 0. 

CARBON(1)-CO 
T-*— S-CARBON(l) 
C02-<— T 
CO-*— CARBON (1)-T 
CARBON (2)-*— 0. 

f RETURN \ 

P(l)-*— C02*44. 
P(2)-*— [H20(I)+H20(2)]*18, 
P(3)-*— C0*28. 
p(4)-*- 02(2)*32. 
P(5) -♦- N2*28. 
P(6) -*- H2*2. 
P(7) -*- CARBON(2)*12. 
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FUNCTION EMISS 
(EMISS(T,L) J 

DELTA-<— 0. 

CALCULATE PARTIAL 
PRESSURES OF 
INDIVIDUAl, GASES 

MOLES -«— C02+H20+CO+02+N2+H2 
PC02-*- C02/M0LES 
PH20-*— H20/M0LES 
PCO-*— CO/MOLES 

INDEPENDENT VARIABLE 
IS PARTIAL PRESSURE 
TIMES MEAN BEAM LENGTH 

PC02L-*— PC02*L 
PH20L-*- PH20*L 
POOL-*— PC0*L 

EMISSIVITY OF 
CARBON DIOXIDE 
USING CURVE FITS 
OF THE DATA OF 
HOTTEL (REF 5) 

POWER-* 0.721+0.215LOG(PC02L) 
EMAX-< 0.04+I0.**POWER 
TMAX-*— 2600.+800.LOG(EMAX) 
POWER-*- [(T-TMAX)/2800.]**2. 
POWER-*— EXP(-P0WER)-1. 
EC02-*— EMAX*10.**POWER 

MODEL HAS THE 
CAPABILITY TO 
CORRECT FOR 
OVERLAP WITH 
WATER VAPOR 

EC02-*— EC02-DELTA 

YES 
EH20- 

NO 

CALCULATE THE EMISSIVITY OF WATER 
VAPOR IN AN ANALOGOUS MANNER 
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TOTAL EMISSIVITY 
OF COMBUSTION 
GASES 

YES 
ECO-*- 0. 

NO 

CALCULATE EMISSIVITY OF 
CARBON MONOXIDE 

EMISS-*- EC02+EH20+EC0 

T  

fRETURN j 
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FORTRAN Listing 

PROGRAM HRI (INPUT,OUTPUT,TAPE5=INPUT,TAPE6=OUTPUT) 
C  PROGRAM TO PREDICT THE PERFORMANCE OF INCINERATORS BURNING SOLID 
C  WASTE AND USING A BOILER TO RECOVER THE HEAT IT IS ASSUMED THAT 
C  EQUILIBRIUM EXISTS, THAT THE CHEMICAL REACTIONS GO TO COMPLETION, 
C  AND THAT THE REACTION RATES ARE LIMITED ONLY BY THE FUEL AND AIR 
C  SUPPLIES INTERMEDIATE HYDROCARBONS ARE NEGLECTED, THE REACTION 
C PRODUCTS CONSIST OF H20, C02, CO, 02, N2, H2, AND C 
C  PROGRAM DEVELOPED BY CA KODRES OF THE NAVAL CIVIL ENGINEERING LAB, 
C PORT HUENEME, CALIFORNIA 93043 
C DATE OF THIS VERSION: 07 AUG 1984 

REAL KW,KWALL(2),LEAK(3),N(3),NIT,N2,LPCC,LSCC 
REAL JPCC(4,4),JSCC(3,3),JBOIL(3,3),N2F,KF,MUF 
REAL LOSSES(I0),INPUT(5) 
INTEGER TYPE 
COMMON/GASES/C02,H20(2),CO,02(2),N2,H2 
COMMON/ELEMENT/HYD,NIT,OXY,CARBON(2),P(7) 
DIMENSION AIR0IL(2),C(3),X(3),H(3),HC0NV(3),0(3),HTH20(2), 
1HHV(3),0IL(2),TFLAME(2),TSHELL(2),TWALL(2),RATI0(16) 
DIMENSION F(4),T(4),WVPL(4),WVPM(4),WVSL(3),WVSM(3) 
DIMENSION TSTM(3),PSTM(3),HSTM(3),HFEED(3),TFEED(3),STEAM(3) 
1,BD(3) 
DATA ITER.TOL/100,1./ 
DATA TDATUM,HTC02,HTCO,HTH20(l),HTH20(2),SIGMA/ 520. , 169182., 
147517., 103968.,122890.,0.1714E-8/ 
DATA HFG,HDATUM/970.3,28.06/ 

C 
C  INPUT THE MASS FLOW RATE OF THE FUEL (WET WASTE) IN LB/HR AND ITS 
C HIGHER HEATING VALUE (DRY) IN BTU/LB 

READ(5,1) FUEL,HHV(1) 
C  INPUT THE ULTIMATE ANALYSIS OF THE FUEL, PERCENT BY DRY WEIGHT, 
C  CARBON, HYDROGEN, OXYGEN, NITROGEN, AND EVERYTHING ELSE COMBINED 

READ(5,2) C(1),H(1),0(1),N(1),X(1) 
C  INPUT THE PROXIMATE ANALYSIS OF THE FUEL, PERCENT BY WEIGHT, 
C MOISTURE, VOLATILE MATTER, FIXED CARBON, AND ASH 

READ(5,3) WATER, VM, FC, ASHE 
C  INPUT THE MASS FLOW RATE OF THE ASH IN LB/HR AND ITS HIGHER HEATING 
C VALUE IN BTU/LB 

READ(5,1) ASH,HHV(2) 
C  INPUT THE ULTIMATE ANALYSIS OF THE ASH 

READ(5,2) C(2),H(2),0(2),N(2),X(2) 
C  INPUT THE MASS FLOW RATE OF OIL SUPPLIED TO BURNERS IN LB/HR, THE 
C  PRIMARY AND SECONDARY BURNERS IN THAT ORDER, AND THE HIGHER HEATING 
'C VALUE OF THE OIL IN BTU/LB 

READ(5,4) OIL(l),OIL(2),HHV(3) 
C  INPUT THE ULTIMATE ANALYSIS OF THE OIL IF THERE IS NO OIL SUPPLIED 
C TO EITHER BURNER THEN INPUT ZEROES 

READ(5,2) C(3),H(3),0(3),N(3),X(3) 
C  INPUT ALL OTHER POWER REQUIREMENTS IN KILOWATTS THIS IS A COMBINED 
C VALUE, INCLUDING ALL BLOWERS, PUMPS, WASTE PROCESSING EQUIPMENT, ETC. 

READ(5,5) KW 
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C  INPUT THE COMBUSTION AIR IN LB/MIN UNDERFIRE AIR, OVERFIRE AIR, 
C  AIR TO SECONDARY COMBUSTION CHAMBER AND TO THE PRIMARY AND SECONDARY 
C  OIL BURNERS, IN THAT ORDER AIR TO THE OIL BURNERS AND PCC LEAKAGE 
C  AIR IS CONSIDERED TO BE OVERFIRE 

READ(5,2) AIRPCC,AIR0F,AIRSCC,AIR0IL(1),AIR0IL(2) 
C  INPUT LEAKAGE AIR TO THE PCC, SCC, AND DOWN THE DUMP STACK IN LB/MIN 
C  USE MINUS(-) SIGN FOR LEAKAGE OUT OF THE INCINERATOR 

READ(5,4) (LEAK(I),1=1,3) 
C  INPUT THE HEAT TRANSFER PARAMETERS THE SURFACE AREAS OF THE FLAME 
C  FRONT, PRIMARY AND SECONDARY COMBUSTION CHAMBERS IN SQFT, CONVECTION 
C  FILM COEFFICIENTS TO INNER WALLS OF PCC AND SCC AND TO OUTER SURFACE 
C  OF INCINERATOR IN BTU/HR-SQFT-DEGF, EFFECTIVE THERMAL CONDUCTANCE 
C  THRU WALLS OF PCC AND SCC IN BTU/HR-SQFT-DEGF 

READ(5,6) AFLAME,APCC,ASCC,(HCONV(I),1=1,3),KWALL(1),KWALL(2) 
C  INPUT THE AMBIENT AIR TEMPERATURE IN DEGF, THE EMISSIVITY OF THE 
C  OUTER SHELL OF THE INCINERATOR, AND THE MEAN BEAM LENGTH OF THE 
C  PRIMARY AND SECONDARY COMBUSTION CHAMBERS IN FEET 

READ(5,3) TAMB,ESHELL,LPCC,LSCC 
C  INPUT.CODE TO DESIGNATE TYPE OF HRI CONFIGURATION 
C     "1" SIGNIFIES NO BOILERS 
C      "2" SIGNIFIES CONVECTION BOILER AT SCC EXIT 
C     "3" SIGNIFIES PCC WATER-WALL BOILER 
C     "4" SIGNIFIES SCC WATER-WALL BOILER 
C     "5" SIGNIFIES BOTH PCC WATER-WALLS AND CONVECTION BOILER 
C     "6" SIGNIFIES BOTH SCC WATER-WALLS AND CONVECTION BOILER 
C     "7" SIGNIFIES BOTH PCC AND SCC WATER-WALLS 
C     "8" SIGNIFIES ALL THREE BOILERS SIMULTANEOUSLY 

READ(5,93) TYPE 
IF (TYPE.EQ.l) GO TO 12 
IF ((TYPE.EQ,3).OR,(TYPE.EQ.4).OR.(TYPE.EQ.7)) GO TO 7 

C  INPUT CONVECTION BOILER CHARACTERISTICS SURFACE AREA OF TUBES IN 
C  SQFT, THE FEED WATER TEMPERATURE IN DEGF, THE FEED WATER ENTHALPY IN 
C  BTU/LB, THE TEMP AND ENTHALPY OF THE STEAM, THE ENTHALPY OF THE 
C  SATURATED LIQUID, AND THE STEAM PRESSURE IN PSIA,  INPUT THE BLOWDOWN 
C  IN FRACTION OF STEAM GENERATED 
C  OTHER LOSSES FROM THE BOILER SUCH AS LEAKAGE AND HEAT TRANSFER TO 
C  THE ENVIRONMENT MAY BE LUMPED IN WITH THE BLOWDOWN 

READ(5,6) ABOIL,TFEED(1),HFEED(1),TSTM(I),HSTM(1),HEVAP,PSTM(I) 
l.BDd) 
BD(I)=100.*BD(1) 

C  INPUT CONVECTION BOILER DESIGN POINT THE OVERALL H.T. COEFFICIENT 
C  IN BTU/HR-SQFT-DEGF, THE COMBUSTION GAS TEMPS ENTERING AND LEAVING 
C  THE BOILER IN DEGF, AND THE FLOW RATE OF COMBUSTION GASES IN LB/HR 

READ(5,3) U,TIN,TOUT,FLOW 
IF (TYPE.EQ.2) GO TO 12 

7 IF ((TYPE.EQ,4).OR.(TYPE.EQ.6)) GO TO 8 
C  INPUT CHARACTERISTICS OF PCC WATER-WALL BOILER STEAM TEMPERATURE, 
C  PRESSURE, AND ENTHALPY TEMPERATURE AND ENTHALPY OF FEED WATER 
C  AND "BLOWDOWN" LOSSES, ETC 

READ(5,6) TSTM(2),PSTM(2),HSTM(2),TFEED(2),HFEED(2),BD(2) 
BD(2)=BD(2)*100. 
IF ((TYPE.EQ.3).OR.(TYPE.EQ,5)) GO TO 12 
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C  INPUT CHARACTERISTICS OF SCC WATER-WALL BOILER STEAM TEMPERATURE, 
C  PRESSURE, AM) ENTHALPY TEMPERATURE AND ENTHALPY OF FEED WATER 
C  AND "SLOWDOWN" LOSSES, ETC 

8 READ(5,6) TSTM(3),PSTM(3),HSTM(3),TFEED(3),HFEED(3),BD(3) 
BD(3)=BD(3)*100. 

C 
C  PRINT ALL INPUT AND BOUNDARY CONDITIONS 

12 WRITE(6,73) 
WRITE(6,9) FUEL,HHV(I) 
WRITE(6,10) C(l),WATER,H(l),VM,0(I),FC,N(I),ASHE,X(1) 
WRITE(6,11) ASH,HHV(2) 
WRITE(6,74) 
WRITE(6,13) C(2),H(2),0(2),N(2),X(2) 
WRITE(6,14) 0IL(1),0IL(2),HHV(3) 
WRITE(6,15) 
WRITE(6,13) C(3),H(3),0(3),N(3),X(3) 
WRITE(6,16) AIRPCC,AIR0F,AIRSCC,AIR0IL(1),AIR0IL(2) 
WRITE(6,17) (LEAK(I),1=1,3) 
WRITE(6,18) TAMB 
WRITE(6,19) AFLAME,APCC,ASCC 
WRITE(6,34) ESHELL 
WRITE(6,36) (HCONV(I),1=1,3),KWALL(1),KWALL(2),LPCC,LSCC 
IF (TYPE.EQ.l) WRITE(6,76) 
IF (TYPE.EQ.2) WRITE(6,77) 
IF (TYPE.EQ.3) WRITE(6,78) 
IF (TYPE.EQ.4) WRITE(6,79) 
IF (TYPE.EQ.5) WRITE(6,81) 
IF (TYPE.EQ.6) WRITE(6,82) 
IF (TYPE.EQ.7) WRITE(6,83) 
IF (TYPE.EQ.8) WRITE(6,84) 
IF (TYPE.EQ.l) GO TO 109 
IF ((TYPE.EQ.3).OR.(TYPE.EQ.4).OR.(TYPE.EQ.7)) GO TO 101 
WRITE(6,20) AB0IL,TFEED(1),HFEED(1),TSTM(1),PSTM(1),HSTM(1) 
1,HEVAP,BD(1) 
WRITE(6,21) U 
TFEED(l)=TFEED(l)+460. 
TSTM(l)=TSTM(l)+460. 
TIN=TIN+460. 
TOUT=TOUT+460. 
BD(1)=BD(1)/100. 
IF (TYPE.EQ.2) GO TO 109 

101 IF ((TYPE.EQ.4).OR.(TYPE.EQ.6)) GO TO 106 
WRITE(6,86) APCC,TFEED(2),HFEED(2),TSTM(2),PSTM(2),HSTM(2) 
1,BD(2) 
TSTM(2)=TSTM(2)+460. 
BD(2)=BD(2)/100. 
IF ((TYPE.EQ.3).OR.(TYPE.EQ.5)) GO TO 109 

106 WRITE(6,87) ASCC,TFEED(3),HFEED(3),TSTM(3),PSTM(3),HSTM(3) 
l.BD(3) 
TSTM(3)=TSTM(3)+460. 
BD(3)=BD(3)/100. 

C 
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C DETERMINE MASS FLOW RATE OF DRY FUEL 
109 FUEL=FUEL*(1.-WATER/100.) 

C 
C PRELIMINARY AND SIMPLIFYING CALCULATIONS 

TAMB=TAMB+460. 
LEAK(1)=LEAK(1)+AIROF 
INPUT(4)=0. 
OUTPUT=0. 
LOSSES(9)=0. 
F1=ASH/FUEL 
F2=0IL(1)/FUEL 
F3=0IL(2)/FUEL 
F4=WATER/(100.-WATER) 

C 
C  CALCULATE STOICHIOMETRIC AIR BY BALANCING EQUATION OF COMBUSTION  
C NOTE THAT THE FUEL HAS A MOLECULAR WEIGHT OF ONE 

CARBON(1)=C(1)/1200. 
HYD=H(1)/100. 
OXY=0(1)/1600 
C02=CARB0N(1) 
H20(1)=F4/18, 
H20(2)=HYD/2. 
02(l)=(2.*C02+H20(2)-OXY)/2. 
STOICH=(32.+3.76*28.)*O2(l)*FUEL/60. 

C  CALCULATE THE HEAT ABSORBED IN BREAKING DOWN THE FUEL 
HTFUEL=HHV(1)-H20(2)*HTH20(2)-C02*HTC02 
P(1)=C02*44. 
P(2)=(H20(1)+H20(2))*18. 
DO 25 1=3,7 
P(I)=0. 

25 CONTINUE 
P(5)=105.28*O2(l)+N(l)/100. 
WRITE(6,22) STOICH.HTFUEL 
IF (TYPE.EQ.8) WRITE(6,103) 
WRITE(6,23) 
WRITE(6,24) (P(I),1=1,7) 

C 
C CALCULATE THE ADIABATIC FLAME TEMPERATURE, FIRST DEDUCT FUEL NOT 
C BURNED, IE LEAVING THE INCINERATOR AS ASH THE SENSIBLE ENERGY OF 
C  THE ASH IS NEGLECTED 

CARBON(1)=CARB0N(1)-F1*C(2)/1200. 
HYD=HYD-F1*H(2)/100. 
0XY=0XY-F1*0(2)/1600. 
NIT=(N(1)-F1*N(2))/1400, 
O2(l)=0.434*AIRPCC/FUEL 
N2=3.76*02(l)+NIT/2. 
CALL EQUATE 

C THEN CALCULATE HEAT RELEASED TO FLAME IN BTU/LB OF FUEL 
QFLAME=C02*HTC02+H20(2)*HTH20(1)+CO*HTCO+HTFUEL 

C HEAT LOST VAPORIZING THE MOISTURE PRESENT IN THE FUEL 
HTL0ST=F4*HFG 
HTFLME=(QFLAME-HTLOST)*FUEL 
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C  TOTAL MASS FLOW THRU THE FLAME IN LBS/HR 
GAS=FUEL/(1.-WATER/100.)+60.*AIRPCC-ASH 

C  THE ADIABATIC FLAME TEMPERATURE CAN NOW BE DETERMINED BY CONDUCTING 
C  AN ENERGY BALANCE ON THE BURNING FUEL THE SPECIFIC HEAT VARIES 
C WITH TEMPERATURE, MAKING THE RESULTING EQUATION NON-LINEAR 
C  IT IS SOLVED BY EMPLOYING A NEWTON-RAPHSON ITERATION 

HTOTAL=H20(l)+H20(2) 
HTIN=SPHT(TAMB,02(2),N2,C0,H2,HTOTAL,C02)*GAS*(TAMB-TDATUM)+HTFLME 
TFLAME(1)=3000. 
DEV=TFLAME(1) 
DO 40 I=1,ITER 
CP0UT=SPHT(TFLAME(1),02(2),N2,C0,H2,HT0TAL,C02) 
F(1)=GAS*CP0UT*(TFLAME(1)-TDATUM)-HTIN 
DFDT=GAS*CP0UT+GAS*(TFLAME(1)-TDATUM)*DCPDT(TFLAME(1),02(2),N2, 
1C0,H2,HT0TAL,C02) 
DEVOLD=DEV 
TFLAME(1)=TFLAME(1)-F(1)/DFDT 

C  CHECK TO SEE IF ITERATION IS CONVERGING 
DEV=ABS(F(1)/DFDT) 
IF (DEV.LE.DEVOLD) GO TO 35 
WRITE(6,26) 
WRITE(6,27) 
WRITE(6,28) 
GO TO 200 

C  CHECK TO SEE IF ITERATION HAS CONVERGED TO WITHIN TOLERANCE 
35 IF (DEV.LE.TOL) GO TO 45 
40 CONTINUE 

WRITE(6,26) 
WRITE(6,29) TOL,ITER 
WRITE(6,28) 

45 CONTINUE 
FLAME=TFLAME(1)-460. 
IF ((TYPE.EQ.5).OR.(TYPE.EQ.6).OR.(TYPE.EQ.7)) WRITE(6,103) 
WRITE(6,30) FUEL,QFLAME,HTLOST,GAS,FLAME 
WRITE(6,31) 
WRITE(6,24) (P(I),I=1,7) 

C 
C  STORE THE FLAME COMPOSITION FOR USE IN CALCULATING ACTUAL TEMPS 

02F=02(2) 
N2F=N2 
C0F=C0 
H2F=H2 
HT0TF=HT0TAL 
C02F=C02 

C  ADD CONTRIBUTION FROM PRIMARY OIL BURNER FIRST CALC HEAT ABSORBED 
C  IN BREAKING DOWN OIL, THEN GET OVERALL COMPOSITION OF GASES IN PCC 

COIL=C(3)/1200. 
HOIL=H(3)/100. 
HTOIL=HHV(3)-HOIL/2.*HTH20(2)-C0IL*HTC02 
HT0ILP=HT0IL*F2 
CARBON(1)=CARBON(1)+F2*C0IL 
HYD=HYD+F2*H0IL 
0XY=0XY+F2*0(3)/1600. 
NIT=NIT+F2*N(3)/1400. 
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C  INCLUDE BOTH PRIMARY OIL AIR AND PCC LEAKAGE WITH FCC COMBUSTION AIR 
O2(l)=0.434/FUEL*(AIRPCC+AIROIL(I)+LEAK(1)) 
N2=3.76*02(I)+NIT/2. 
CALL EQUATE 

C  TOTAL HEAT RELEASED DURING COMBUSTION OF WASTE AND PCC OIL 
HTCOMB=C02*HTC02+H20(2)*HTH20(1)+CO*HTCO+HTFUEL+HTOILP-HTLOST 

C HEAT RELEASED IN PRIMARY COMBUSTION CHAMBER 
HTCOMB=HTCOMB-HTFLME/FUEL 
HTPCC=HTCOMB*FUEL 
GASPCC=GAS+0IL(1)+(AIR0IL(1)+LEAK(1))*60. 

C 
C  SOLVE ENERGY EQUATIONS GOVERNING FLAME FRONT, PRIMARY COMBUSTION 
C  CHAMBER INTERIOR, AND THE WALLS OF THE PCC SIMULTANEOUSLY..USING 
C NEWTONS METHOD..TO DETERMINE ACTUAL INCINERATOR TEMPERATURES 
C 
C NOTE THAT THE INTERIOR OF BOTH COMBUSTION CHAMBERS IS CONSIDERED 
C TO BE HOMOGENEOUS AND THE COMBUSTION PRODUCTS ACT AS PERFECT GASES 
C 
C  SIMPLIFY ITERATION BY COMBINING CONSTANTS WHERE POSSIBLE 

F5=AFLAME*SIGMA 
F6=GAS*SPHT(TAMB,02F,N2F,COF,H2F.HTOTF,C02F)*(TAMB-TDATUM)+HTFLME 
F7=HC0NV(1)*APCC 
F8=APCC*SIGMA 
HT0TAL=H20(1)+H20(2) 
F9=GASPCC*SPHT(TAMB,02(2),N2,CO,H2,HTOTAL,C02)*(TAMB-TDATUM)+HTPCC 
FI0=KWALL(1)*APCC 
FI1=HC0NV(3)*APCC 
F12=APCC*SIGMA*ESHELL 
F13=(AFLAME+APCC)*SIGMA 
F14=APCC*(KWALL(I)+HCONV(I)) 
F15=APCC*(KWALL(1)+HCONV(3)) 
F16=F6-F9-HTFLME 

C  INITIALIZE TEMPERATURES AND ITERATION PARAMETERS 
T(I)=3500. 
T(2)=3200. 
T(3)=3000. 
T(4)=1000. 
IF ((TYPE.EQ.1).OR.(TYPE.EQ.2).OR.(TYPE.EQ.4).OR.(TYPE.EQ.6)) 
IGO TO 121 
T(3)=TSTM(2) 
T(4)=600. 

121 NN=4 
D=0. 
DEVMAX=T(1) 
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BEGIN THE ITERATION 
DO 65 I=1,ITER 
DSAVE=DEVMAX 
DEVMAX=0. 
CPF=SPHT(T(1),02F,N2F,COF,H2F,HTOTF,C02F) 
CPP=SPHT(T(2),02(2),N2,C0,H2,HTOTAL,C02) 
DCPF=DCPDT(T(1),02F,N2F,C0F,H2F,HT0TF,C02F) 
DCPP=DCPDT(T(2),02(2),N2,C0,H2,HT0TAL,C02) 
EFLME=EMISS(T(1),LPCC) 
EPCC=EMISS(T(2),LPCC) 
EWALL=EMISS(T(3),LPCC) 
DEFLME=DEDT(T(1),LPCC) 
DEPCC=DEDT(T(2),LPCC) 
DEWALL=DEDT(T(3),LPCC) 

UPDATE THE FUNCTIONS 
F(1)=F5*(T(1)**4-(1.-EWALL)*T(3)**4-EPCC*T(2)**4)+GAS*CPF* 
1(T(1)-TDATUM)-F6 
F(2)=GASPCC*CPP*(T(2)-TDATUM)+F8*(EPCC*T(2)**4-EWALL*T(3)**4)+ 

1F7*(T(2)-T(3))-F5*(EFLME*T(1)**4-EPCC*T(2)**4)-GAS*CPF*(T(1)- 
2TDATUM)+F16 
F(3)=F10*(T(3)-T(4))-F8*(EPCC*T(2)**4-EWALL*T(3)**4)-F5*((1.- 

1EFLME)*T(1)**4-(1.-EWALT.)*T(3)**4)-F7*(T(2)-T(3)) 
F(4)=Fll*(T(4)-TAMB)+F12*(T(4)**4-TAMB**4)_Fio*(T(3)-T(4)) 

CALCULATE THE JACOBIAN OF THE ENERGY EQUATIONS 
JPCC(1,1)=4.*F5*T(1)** 3+GAS*CPF+GAS *DCPF*(T(1)-TDATUM) 
JPCC(1,2)=-F5*T(2)**3*(4.*EPCC+T(2)*DEPCC) 
JPCC(1,3)=F5*T(3)**3*(T(3)*DEWALL-4.*(1.-EWALL)) 
JPCC(1,4)=0. 
JPCC(2,1)=-F5*T(1)**3*(4.*EFLME+T(1)*DEFLME)-GAS*(CPF+DCPF* 
1(T(1)-TDATUM)) 
JPCC(2,2)=GASPCC*(CPP+DCPP*(T(2)-TDATUM))+F7+F13*T(2)**3*(4.*EPCC 
1+DEPCC*T(2)) 
JPCC(2,3)=-F8*T(3)**3*(4.*EWALL+T(3)*DEWALL)-F7 
JPCC(2,4)=0. 
JPCC(3,1)=F5*T(1)**3*(T(1)*DEFLME-4.*(1.-EFLME)) 
JPCC(3,2)=-F8*T(2)**3*(4.*EPCC+T(2)*DEPCC)-F7 
JPCC(3,3)=F14+F8*T(3)**3*(4.*EWALL+T(3)*DEWALL)+F5*T(3)**3 
1*(4.*(1.-EWALL)-T(3)*DEWALL) 
JPCC(3,4)=-F10 
JPCC(4,1)=0. 
JPCC(4,2)=0. 
JPCC(4,3)=-F10 
JPCC(4,4)=F15+4.*F12*T(4)**3 
IF ((TYPE.EQ.l).OR.(TYPE.EQ.2).OR.(TYPE.EQ.4).OR.(TYPE.EQ.6)) 
IGO TO 111 
F(3)=T(3)-TSTM(2) 
JPCC(3,1)=0. 
JPCC(3,2)=0. 
JPCC(3,3)=1. 
JPCC(3,4)=0. 
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C  INVERT THE JACOBIM 
111 CALL MINV(JPCC,NN,D,WVPL,WVPM) 

C  AND THEN IMPROVE ON THE TEMPERATURES 
DO 55 J=l,4 
SAVE=T(J) 
DO 50 K=l,4 
T(J)=T(J)-JPCC(J,K)*F(K) 

50 CONTINUE 
DEV=ABS(T(J)-SAVE) 
IF (DEV.GT.DEVMAX) DEVMAX=DEV 

55 CONTINUE 
C  CHECK TO SEE IF ITERATION IS CONVERGING 

IF (DEVMAX.LE.DSAVE) GO TO 60 
WRITE(6,26) 
WRITE(6,37) 
WRITE(6,28) 
GO TO 200 

C CHECK TO SEE IF ITERATION HAS CONVERGED TO WITHIN TOLERANCE 
60 IF (DEVMAX.LE.TOL) GO TO 70 
65 CONTINUE 

WRITE(6,26) 
WRITE(6,38) TOL,ITER 
WRITE(6,28) 

70 CONTINUE 
TFLAME(2)=T(l)-460. 
TPCC=T(2) 
TGAS=T(2)-460. 
TWALL(l)=T(3)-460. 
TSHELL(l)=T(4)-460. 
WRITE(6,39) TFLAME(2) 
TFLAME(2)=TFLAME(2)+460. 
WRITE(6,32) HTCOMB.GASPCC 
WRITE(6,41) TGAS,TWALL(1),TSHELL(1) 
IF (TYPE.EQ.l) WRITE(6,103) • ' 
WRITE(6,48) CPP.EPCC 
WRITE(6,33) 
WRITE(6,24) (P(I),I=1,7) 

C 
C DETERMINE HEAT TRANSFER LOSS OUT THRU COMB CHAMBER WALLS 

LOSSES(5)=KWALL(1)*APCC*(TWALL(1)-TSHELL(1)) 
IF ((TYPE.EQ.1).0R.(TYPE.EQ.2).0R.(TYPE.EQ.4).OR.(TYPE.EQ.6)) 
IGO TO 112 

C  CALCULATE HEAT TRANSFERRED TO BOILER FOR USE IN LATER STEAM CALCS 
C  CONVECTION H.T. FROM COMBUSTION PRODUCTS TO WATER-WALLS 

QC0NV=F7*(T(2)-T(3)) 
C RADIATION FROM FLAME TO WATER-WALLS 

QRAD1=F5*((1.-EFLME)*T(1)**4-(1.-EWALL)*T(3)**4) 
C  RADIATION FROM COMBUSTION PRODUCTS TO PCC WATER-WALLS 

QRAD2=F8*(EPCC*T(2)**4-EWALL*T(3)**4) 
C  HEAT CONDUCTED TO OUTER SKIN 

QC0ND=F10*(T(3)-T(4)) 
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C  STORE THE PCC GAS COMPOSITION TO USE AS SCC BOUNDARY CONDITION 
112 02F=02(2) 

N2F=N2 
C0F=C0 
H2F=H2 
HT0TF=HT0TAL 
C02F=C02 

C ADD CONTRIBUTION FROM SECONDARY OIL BURNER 
HT0ILS=HT0IL*F3 
CARBON(1)=CARB0N(1)+F3*C0IL 
HYD=HYD+F3*H0IL 
OXY=OXY+F3*0(3)/1600. 
NIT=NIT+F3*N(3)/1400. 

C  INCLUDE BOTH SECONDARY OIL AIR AND SCC LEAKAGE WITH SCC COMBUST. AIR 
02(1)=0.434/FUEL*(AIRPCC+AIRSCC+AIROIL(1)+AIROIL(2)+LEAK(1) 
1+LEAK(2)) 
N2=3.76*02(l)+NIT/2. 
CALL EQUATE 

C  TOTAL HEAT RELEASED DURING COMBUSTION OF WASTE, PCC OIL, AND SCC OIL 
HTCOMB=C02*HTC02+H20(2)*HTH20(l)+CO*HTCO+HTFUEL+HTOILP+HTOILS 
1-HTLOST 

C  HEAT RELEASED IN SECONDARY COMBUSTION CHAMBER 
HTCOMB=HTCOMB-(HTPCC+HTFLME)/FUEL 
HTSCC=HTCOMB*FUEL 
GASSCC=GASPCC+OIL(2)+(AIROIL(2)+LEAK(2)+AIRSCC)*60. 
IF (TYPE.EQ.8) WRITE(6,103) 
WRITE(6,42) HTCOMB.GASSCC 

C 
C  SOLVE ENERGY EQUATIONS GOVERNING SECONDARY COMBUSTION CHAMBER 
C  INTERIOR AND WALLS OF THE SCC SIMULTANEOUSLY...USING NEWTONS METHOD.. 
C  TO DETERMINE ACTUAL INCINERATOR TEMPERATURES 
C 
C  AGAIN, SIMPLIFY ITERATION BY COMBINING CONSTANTS 

F17=HCONV(2)*ASCC 
HTOTAL=H20(l)+H20(2) 
F18=-GASSCC*SPHT(TAMB,02(2),N2,C0,H2,HTOTAL,C02)*(TAMB-TDATUM) 
1+GASPCC*SPHT(TAMB,02F,N2F,COF,H2F,HTOTF,C02F)*(TAMB-TDATUM) 
2-GASPCC*SPHT(TPCC,02F,N2F,C0F,H2F,HT0TF,C02F)*(TPCC-TDATUM)-HTSCC 
F19=ASCC*KWALL(2) 
F20=HCONV(3)*ASCC 
F21=ASCC*ESHELL*SIGMA 
F22=ASCC*(HC0NV(3)+KWALL(2)) 
F23=ASCC*SIGMA 

C  INITIALIZE TEMPERATURES AND ITERATION PARAMETERS 
T(l)=3500. 
T(2)=3400. 
T(3)=1000. 
IF ((TYPE.EQ.l).OR.(TYPE.EQ.2).OR.(TYPE.EQ.3).OR.(TYPE.EQ.5)) 
IGO TO 122 
T(2)=TSTM(3) 
T(3)=600. 

122 NN=3 
DEVMAX=T(1) 
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BEGIN  THE  ITERATION 
DO   90   I=I,ITER 
DSAVE=DEVMAX 
DEVMAX=0. 
CPS=SPHT(T(1),02(2),N2,CO,H2,HTOTAL,C02) 
DCPS=DCPDT(T(1),02(2),N2,C0,H2,HT0TAL,C02) 
ESCC=EMISS(T(1),LSCC) 
EWALL=EMISS(T(2),LSCC) 
DEWALL=DEDT(T(2),LSCC) 
DESCC=DEDT(T(1),LSCC) 

UPDATE THE FUNCTIONS 
F(1)=GASSCC*CPS*(T(I)-TDATUM)+F23*(ESCC*T(1)**4-EWALL*T(2)**4) 
1+F17*(T(1)-T(2))+F18 
F(2)=F19*(T(2)-T(3))-F23*(ESCC*T(1)**4-EWALL*T(2)**4)-F17* 
I(T(I)-T(2)) 
F(3)=F20*(T(3)-TAMB)+F21*(T(3)**4-TAMB**4)-FI9*(T(2)-T(3)) 

CALCULATE THE JACOBIAN OF THE ENERGY EQUATIONS 
JSCC(1,I)=GASSCC*(CPS+DCPS*(T(1)-TDATUM))+F23*T(1)**3*(DESCC* 
IT(1)+4.*ESCC)+FI7 
JSCC(1,2)=-F23*T(2)**3*(DEWALL*T(2)+4.*EWALL)-FI7 
JSCC(1,3)=0. 
JSCC(2,1)=-F23*T(1)**3*(DESCC*T(I)+4.*ESCC)-F17 
JSCC(2,2)=F19+F23*T(2)**3*(DEWALL*T(2)+4.*EWALL)+F17 
JSCC(2,3)=-F19 
JSCC(3,1)=0. 
JSCC(3,2)=-FI9 
JSCC(3,3)=F22+4.*F2I*T(3)**3 
IF ((TYPE.EQ.I).OR.(TYPE.EQ.2).OR.(TYPE.EQ.3).OR.(TYPE.EQ.5)) 
IGO TO 114 
F(2)=T(2)-TSTM(3) 
JSCC(2,1)=0. 
JSCC(2,2)=1. 
JSCC(2,3)=0. 

INVERT THE JACOBIAN 
114 CALL MINV(JSCC,NN,D,WVSL,WVSM) 
THEN IMPROVE ON THE TEMPERATURE ESTIMATES ^^ 

DO 80 J=l,3 ■ 
SAVE=T(J) 
DO 75 K=l,3 
T(J)=T(J)-JSCC(J,K)*F(K) 

75 CONTINUE 
DEV=ABS(T(J)-SAVE) 
IF (DEV.GT.DEVMAX) DEVMAX=DEV 

80 CONTINUE 
CHECK TO SEE IF ITERATION IS CONVERGING 

IF (DEVMAX.LE.DSAVE) GO TO 85 
WRITE(6,26) 
WRITE(6,44) 
WRITE(6,28) 
GO TO 200 
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C  CHECK TO SEE IF ITERATION HAS CONVERGED TO WITHIN TOLERANCE 
85 IF (DEVMAX.LE.TOL) GO TO 95 
90 CONTINUE 

WRITE(6,26) 
WRITE(6,46) TOL,ITER 
WRITE(6,28) 

95 CONTINUE 
TSCC=T(1) 
T(l)=T(l)-460. 
TWALL(2)=T(2)-460. 
TSHELL(2)=T(3)-460. 
WRITE(6,47) T(l),TWALL(2),TSHELL(2) 
\miTE(6,49) CPS.ESCC 
IF ((TYPE.EQ.5).OR.(TYPE.EQ.6).OR.(TYPE.EQ.7)) WRITE(6,103) 
WRITE(6,43) 
WRITE(6,24) (P(I),I=1,7) 
IF ((TYPE.EQ.l).OR.(TYPE.EQ.3).OR.(TYPE.EQ.4).OR.(TYPE.EQ.7)) 
1WRITE(6,104) 

C  DETERMINE HEAT TRANSFER LOSS OUT THRU COMB CHAMBER WALLS 
LOSSES(6)=KWALL(2)*ASCC*(TWALL(2)-TSHELL(2)) 

C 
C DETERMINE STEAM GENERATED IN CONVECTION BOILER 
C  ASSUME THAT THE BOILER OVERALL HEAT TRANSFER COEFFICIENT VARIES AS 
C  THE 0.6 POWER OF THE GAS SIDE REYNOLDS NO. BASED ON AVERAGE TEMPS... 
C  THE CONSTANT OF PROPORTIONALITY CAN BE DETERMINED FROM CONDITIONS 
C  AT THE DESIGN POINT 

IF (TYPE.EQ.l) GO TO 200 
C  DETERMINE THE TOTAL GAS FLOW THRU THE BOILER    ' ' 

GASOUT=GASSCC+LEAK(3)*60. 
C  AND THE COMPOSITION OF THIS GAS 

02(1)=02(1)+0.434*LEAK(3)/FUEL 
N2=3.76*02(l)+NIT/2. 
CALL EQUATE 

C 
C  SOLVE, SIMULTANEOUSLY, THE ENERGY EQUATIONS GOVERNING THE GAS FLOW 
C  THRU THE BOILER, THE STEAM FLOW THRU THE BOILER, AND THE OVERALL 
C  BOILER AGAIN USE NEWTONS METHOD 
C 
C  SIMPLIFY ITERATION BY COMBINING CONSTANTS 

F24=GASSCC*CPS*(TSCC-TDATUM)+14.4*LEAK(3)*(TAMB-TDATUM) 
F25=(1.+BD(1))*(HSTM(l)-HFEED(I)) 

C DETERMINE TEMP OF COMBUSTION GASES DILUTED BY DUMP STACK AIR LEAKAGE 
IF (LEAK(3).LE.O.) GO TO 99 
DEV=TSCC 
DO 98 I=1,ITER 
CPS=SPHT(TSCC,02(2),N2,CO,H2,HTOTAL,C02) 
DCPS=DCPDT(TSCC,02(2),N2,C0,H2,HT0TAL,C02) 
F(1)=GAS0UT*CPS*(TSCC-TDATUM)-F24 
DFDT=GASOUT*(CPS+DCPS*(TSCC-TDATUM)) 
DEVOLD=DEV 
TSCC=TSCC-F(1)/DFDT 
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C  CHECK TO SEE IF ITERATION IS CONVERGING 
DEV=ABS(F(1)/DFDT) 
IF (DEV.LE.DEVOID) GO TO 97 
WRITE(6,26) 
WRITE(6,57) 
WRITE(6,28) 
GO TO 200 

C  CHECK TO SEE IF ITERATION HAS CONVERGED TO WITHIN TOLERANCE 
97 IF (DEV.LE.TOL) GO TO 99 
98 CONTINUE 

WRITE(6,26) 
WRITE(6,58) TOL,ITER 
WRITE(6,28) 

99 CONTINUE 
IF ((TYPE.EQ.3).OR.(TYPE.EQ.7)) GO TO 117 
IF (TYPE.EQ.4) GO TO 118 
IF (TSCC.GT.TSTM(l)) GO TO 102 
WRITE(6,26) 
WRITE(6,96) 
WRITE(6,28) 
GO TO 200 

C  THE EUCKEN EQUATIONS WILL BE USED TO DESCRIBE THE VARIATION OF BOTH 
C THERMAL CONDUCTIVITY AND VISCOSITY WITH TEMPERATURE 

102 TAVG=0.25*(TIN+TFEED(1)+TOUT+TSTM(1)) 
FACTOR=TAVG**1.5/(225.+TAVG) 
KF=9.986E-4*FACTOR 
MUF=2.694E-3*FACTOR 
UCONST=U/KF/(FLOW/MUF)**0.6 

C  INITIALIZE TOTAL HEAT TRANSFER, STEAM GENERATION RATE, AND TEMP OF 
C  STACK GASES ALSO INITIALIZE ITERATION PARAMETERS 

QSTM=1.2E7 
STEAM(1)=10000. 
TSTACK=IOOO. 
DEV=TSTACK 

C 
C  BEGIN THE ITERATION 

DO 110 I=1,ITER 
DSAVE=DEV 
CPGAS=SPHT(TSTACK,02(2),N2,CO,H2,HTOTAL,C02) 
DCPGAS=DCPDT(TSTACK,02(2),N2,CO,H2,HTOTAL,C02) 
TAVG=0.25*(TSCC+TFEED(1)+TSTACK+TSTM(1)) 
FACT0R=TAVG**1.5/(225.+TAVG) 
KF=9.986E-4*FACTOR 
MUF=2.694E-3*FACTOR 
U=UCONST*KF*(GASOUT/MUF)**0.6 
FACT0R=1.5*SQRT(TAVG)/(225.+TAVG)-TAVG**1.5/(225.+TAVG)**2 
DKFDT=9.986E-4*FACTOR 
DMUDT=2.694E-3*FACTOR 
DUDT=0.25*UCONST*(GASOUT/MUF)**0.6*(DKFDT-0.6*KF/MUF*DMUDT) 
FACTOR=ALOG((TSCC-TSTM(l))/(TSTACK-TFEED(l))) 
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C  UPDATE THE FUNCTIONS 
F(l)=GASOUT*CPGAS*(TSTACK-TDATUM)+QSTM-F24 
F(2)=STEAM(1)*F25-QSTM 
F(3)=U*ABOIL*(TSCC-TSTM(1)-TSTACK+TFEED(1))/FACTOR-QSTM 

C  CALCULATE THE JACOBIAN OF THE ENERGY EQUATIONS 
JB0IL(1,1)=1. 
JBOIL(1,2)=0. ,     . 
JBOIL(I,3)=GASOUT*(CPGAS+DCPGAS*(TSTACK-TDATUM)) 
JB0IL(2,1)=-1. 
JBOIL(2,2)=F25 
JBOIL(2,3)=0. 
JB0IL(3,1)=-1. 
JB0IL(3,2)=0. 
JBOIL(3,3)=AB0IL/FACTOR*(DUDT*(TSCC-TSTM(1)-TSTACK+TFEED(1))-U+U* 
1((TSCC-TSTM(1))/(TSTACK-TFEED(1))-1.)/FACTOR) 

C  INVERT THE JACOBIAN 
CALL MINV(JBOIL,NN,D,WVSL,WVSM) 

C  THEN IMPROVE ON THE UNKNOWNS 
SAVE=TSTACK 
DO 100 K=l,3 
QSTM=QSTM-JBOIL(1,K)*F(K) 
STEAM(1)=STEAM(1)-JBOIL(2,K)*F(K) 
TSTACK=TSTACK-JBOIL(3,K)*F(K) 

100 CONTINUE 
DEV=ABS(TSTACK-SAVE) 

C  CHECK TO SEE IF ITERATION IS CONVERGING 
IF (DEV.LE.DSAVE) GO TO 105 
WRITE(6,26) 
WRITE(6,51) 
WRITE(6,28) 
GO TO 200 

C  CHECK TO SEE IF ITERATION HAS CONVERGED TO WITHIN TOLERANCE 
105 IF (DEV.LE.TOL) GO TO 115 
110 CONTINUE 

WRITE(6,26) K 
WRITE(6,56) ITER 
WRITE(6,28) 

115 CONTINUE 
C  CALCULATE BOILER EFFICIENCY USING SUMMATION OF LOSSES METHOD 
C  USE ENTHALPY DATUM AT 60.DEGF TO BE CONSISTENT WITH COMB. PRODUCTS 

INPUT(4)=STEAM(1)*(1.+BD(1))*(HFEED(1)-HDATUM) 
LOSSES(8)=GASOUT*CPGAS*(TSTACK-TDATUM) 
LOSSES(9)=STEAM(1)*(BD(1)/(1.-BD(1)))*(HSTM(1)-HDATUM) 
EFF=1.-(LOSSES(8)+LOSSES(9))/(GASOUT*CPS*(TSCC-TDATUM)+INPUT(4)) 
0UTPUT=STEAM(1)*(HSTM(1)-HFEED(1)) 
TSCC=TSCC-460. 
TSTACK=TSTACK-460. 
WRITE(6,52) GASOUT,TSCC,TSTACK 
TSCC=TSCC+460. 
TSTACK=TSTACK+460. 
WRITE(6,53) 
WRITE(6,24) (P(I),I=1,7) 
WRITE(6,54) STEAM(1),QSTM,U,EFF 
IF (TYPE.EQ.2) GO TO 119 

C 
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C  DETERMINE STEAM GENERATED IN FCC WATER-WALL BOILER 
117 IF (TYPE.EQ.6) GO TO 118 ' 

QTOTAL=QCONV+QRAD1+QRAD2 
RATIO(1)=100.*QCONV/QTOTAL 
RATIO(2)=100.*QRAD1/QTOTAL 
RATIO(3)=100.*QRAD2/QTOTAL 
STEAM(2)=(QTOTAL-QCOND)/(HSTM(2)-HFEED(2)) 
OUTPUT=OUTPUT+STEAM(2)*(HSTM(2)-HFEED(2)) 
WRITE(6,88) 
WRITE(6,89) STEAM(2),QTOTAL,QCONV,RATIO(1),QRAD1,RATI0(2),QRAD2 
1,RATI0(3),QC0ND 

C  CALCULATE BOILER EFFICIENCY USING SUMMATION OF LOSSES METHOD 
INPUTl=HTFLME+HTPCC+0.24*GASPCC*(TAMB-TDATUM) 
INPUT4=STEAM(2)*(1.+BD(2))*(HFEED(2)-HDATUM) 
L0SS8=GASPCC*CPP*(TPCC-TDATUM) 
LOSS9=STEAM(2)*(BD(2)/(l.-BD(2)))*(HSTM(2)-HDATUM) 
EFF=1.-(LOSSES(5)+LOSS8+LOSS9)/(INPUTl+INPUT4) 
WRITE(6,94) EFF 
INPUT(4)=INPUT(4)+INPUT4 
LOSSES(9)=L0SSES(9)+L0SS9 
IF ((TYPE.EQ.3).OR.(TYPE.EQ.5)) GO TO 119 

C 
C DETERMINE STEAM GENERATED IN SCC WATER-WALL BOILER 

118 QCONV=F17*(TSCC-T(2)) 
QRAD2=F23*(ESCC*TSCC**4-EWALL*T(2)**4) 
QCOND=F19*(T(2)-T(3)) 
QT0TAL=QC0NV+QRAD2 
RATIO(1)=100.*QC0NV/QT0TAL 
RATIO(3)=100.*QRAD2/QTOTAL 
STEAM(3)=(QTOTAL-QCOND)/(HSTM(3)-HFEED(3)) 
OUTPUT=OUTPUT+STEAM(3)*(HSTM(3)-HFEED(3)) 
WRITE(6,91) 
WRITE(6,92) STEAM(3),QTOTAL,QCONV,RATIO(l),QRAD2,RATIO(3),QCOND 

C  CALCULATE BOILER EFFICIENCY USING SUMMATION OF LOSSES METHOD 
AIR=60.*(AIRPCC+AIRSCC+AIROIL(1)+AIROIL(2)+LEAK(1)+LEAK(2)) 
INPUTl=HTSCC+0.24*(GASSCC-AIR)*(TAMB-TDATUM) 
INPUT2=GASPCC*CPP*(TPCC-TDATUM) 
INPUT4=STEAM(3)*(1.+BD(3))*(HFEED(3)-HDATUM) 
L0SS8=GASSCC*CPS*(TSCC-TDATUM) 
LOSS9=STEAM(3)*(BD(3)/(1.-BD(3)))*(HSTM(3)-HDATUM) 
EFF=1.-(LOSSES(6)+LOSS8+LOSS9)/(INPUTl+INPUT2+INPUT4) 
WRITE(6,94) EFF 
INPUT(4)=INPUT(4)+INPUT4 
LOSSES(9)=L0SSES(9)+LOSS9 

C 
C  CALCULATE THE OVERALL EFFICIENCY OF THE HEAT RECOVERY INCINERATOR 
C FIRST, USE THE STRAIGHT INPUT-OUTPUT METHOD 

119 INPUT(1)=FUEL*HHV(1) 
INPUT(3)=(OIL(l)+OIL(2))*HHV(3) 
INPUT(5)=3415.*KW 
EFF=OUTPUT/(INPUT(1)+INPUT(3)+INPUT(5)) 
WRITE(6,59) 
WRITE(6,61) INPUT(1),INPUT(3),INPUT(5),OUTPUT,EFF 
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C  SECOND, USE THE SUMMATION OF LOSSES METHOD 
TOTAL1=0. 
TOTAL2=0. 
EFE=1. 

C  BEGIN BY DOCUMENTING ALL ENERGY INPUTS TO THE INCINERATOR SYSTEM 
AIR=AIRPCC+AIRSCC+AIROIL(1)+AIROIL(2)+LEAK(1)+LEAK(2)+LEAK(3) 
INPUT(2)=14.4*AIR*(TAMB-TDATUM) 

C DELETE SENSIBLE ENERGY OF AIR FROM MEASURED HEATING VALUE OF FUEL 
INPUT(1)=INPUT(1)-INPUT(2)+0.24*GASOUT*(TAMB-TDATUM) 
DO 120 1=1,5 
T0TAL1=T0TAL1+INPUT(I) 

120 CONTINUE 
C  THEN DOCUMENT ALL ENERGY LOSSES FROM THE INCINERATOR SYSTEM 

LOSSES(1)=HTLOST*FUEL 
LOSSES(2)=18.*H20(2)*HFG*FUEL 
LOSSES(3)=C(2)*ASH*HTCO2/1200. 
LOSSES(4)=0.2*ASH*(TFLAME(2)-TDATUM) 
LOSSES(7)=FUEL*(CO*(HTC02-HTC0)+CARBON(2)*HTC02+H2*HTH20(2)) 
IF ((TYPE.EQ.3).OR.(TYPE.EQ.4).OR.(TYPE.EQ.7)) 
ILOSSES(8)=GASOUT*CPS*(TSCC-TDATUM) 
LOSSES(10)=INPUT(5) 
DO 125 1=1,5 
RATI0(I)=INPUT(I)/T0TAL1 

125 CONTINUE ■ 
DO 130 1=6,15 ' 
RATI0(I)=L0SSES(I-5)/T0TALl 
EFF=EFF-RATI0(I) .  '■ 
TOTAL2=TOTAL2+LOSSES(1-5) 

130 CONTINUE 
RATIO(16)=T0TAL2/T0TAL1 
IF (TYPE.EQ.7) WRITE(6,103) 
WRITE(6,62) 
WRITE(6,63) 
WRITE(6,64) (INPUT(I),RATIO(I),1=1,5) 
WRITE(6,66) TOTAL1 
WRITE(6,67) 
WRITE(6,68) (LOSSES(I),RATIO(I+5),I=l,4) 
WRITE(6,69) (LOSSES(I),RATIO(I+5),I=5,10) 
WRITE(6,71) TOTAL2,RATIO(16) 
WRITE(6,72) EFF 

C 
200 CONTINUE 

STOP 
1 FORMAT(2F10.0) 
2 FORMAT(5F10.3) 
3 FORMAT(4F10.3) 
4 FORMAT(3F10.0) 
5 FORMAT(FIO.O) 
6 FORMAT(8F10.0) 
9 FORMAT(IH ,1OX,"FUEL (WASTE) MASS FEED RATE = ",F6.0," LB/HR WET", 
1/llX,"HIGHER HEATING VALUE OF FUEL = ",F6.0," BTU/LB DRY"/) 
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10 F0RMAT(1H ,1OX,"ULTIMATE ANALYSIS OF FUEL",20X,"PROXIMATE ANALYSIS 
1 OF FUEL",/12X,"(PERCENT OF DRY WEIGHT)",25X,"(PERCENT OF WEIGHT)" 
2,/I IX, "CARBON    ",F5. 2,24X, "MOISTURE    ",F5.2,/11X 
3,"HYDROGEN    ",F5.2,24X"VOLATILE MATTER..   ",F5.2,/11X, "OXY 
4GEN    ",F5.2,24X,"FIXED CARBON    ",F5.2,/llX,"NITROGEN 
5    ",F5.2,24X,"ASH    " ,F5.2,/11X,"0THER  
6  ",F5.2//) 

11 FORMAT (IH ,1 OX, "ASH REMOVAL RATE = ",F5.0," LB/HR" ,/UX, "HIGHER HE 
lATING VALUE OF ASH = ",F5.0," BTU/LB"/) 

13 FORMAT (IH ,1 OX, "CARBON    " ,F5. 2 ,/IIX, "HYDROGEN    ",F5. 
12,/I IX, "OXYGEN    ",F5, 2,/I IX, "NITROGEN    " ,F5 . 2 ,/IIX," 
20THER    ",F5.2//) 

14 FORMATdH ,10X,"OIL FLOW TO PRIMARY COMBUSTION CHAMBER = ",F5.0," 
1LB/HR",/11X,"0IL FLOW TO SECONDARY COMBUSTION CHAMBER = ",F5.0," L 
2B/HR",/11X,"HIGHER HEATING VALUE OF OIL = ",F6.0," BTU/LB"/) 

15 FORMAT(IH ,1OX,"ULTIMATE ANALYSIS OF OIL",/12X,"(PERCENT OF DRY WE 
IIGHT)") 

16 FORMATdH , 1 OX,"COMBUSTION AIR" ,/13X,"T0 PRIMARY COMBUSTION CHAMBE 
IR (UNDERFIRE) = ",F5.0," LB/MIN",/13X,"T0 PRIMARY COMBUSTION CHAMB 
2ER (OVERFIRE) = ",F5.0," LB/MIN",/13X,"TO SECONDARY COMBUSTION CHA 
3MBER = ",F5.0," LB/MIN",/13X,"T0 (WITH) PRIMARY OIL BURNER = ",F5. 
40," LB/MIN",/13X,"T0 (WITH) SECONDARY OIL BURNER = ",F5.0," LB/MIN 
5"/) 

17 FORMATdH , 1 OX,"LEAKAGE AIR" ,/13X,"T0 PRIMARY COMBUSTION CHAMBER = 
1 ",F4.0," LB/MIN",/13X,"T0 SECONDARY COMBUSTION CHAMBER = ",F4.0," 
2 LB/MIN",/13X,"D0WN THE DUMP STACK = ",F4.0," LB/MIN"/) 

18 F0RMAT(1H ,lOX,"AMBIENT AIR TEMPERATURE = ",F4.0," DEGF"///) 
19 FORMATdH ,5X,"HEAT TRANSFER PARAMETERS" ,/I IX," SURF ACE AREA OF FLA 

IME FRONT =",F5.0," SQFT",/11X,"SURFACE AREA OF PCC = ",F5.0," SQFT 
2",/I IX,"SURFACE AREA OF SCO = ",F5.0," SQFT") 

20 FORMATdH ,5X,"CONVECTION BOILER CHARACTERISTICS" ,/IIX,"SURFACE AR 
lEA OF TUBES =",F6.0," SQFT",/llX,"FEED WATER PROPERTIES",/13X,"TEM 
2PERATURE = ",F4.0," DEGF",/13X,"ENTHALPY = ",F4,0," BTU/LB",/IIX," 
3STEAM PROPERTIES",/13X,"TEMPERATURE = ",F4.0," DEGF",/13X,"PRESSUR 
4E = ",F4.0," PSIA",/13X,"ENTHALPY = ",F5.0," BTU/LB (VAPOR)",/13X, 
5"ENTHALPY = ",F5.0," BTU/LB (LIQUID)",/IIX,"BOILER BLOW-DOWN = ",F 
64.1," PERCENT OF STEAM GENERATED") 

21 FORMATdH , lOX,"OVERALL HEAT TRANSFER COEFFICIENT = "F6.2," BTU/HR 
1-SQFT-DEGF AT THE DESIGN POINT"//) 

22 FORMAT(1H0,5X,"AIR REQUIRED FOR STOICHIOMETRIC COMBUSTION OF SOLID 
1 WASTE = ",F7.2," LB/MIN",/6X,"HEAT ABSORBED IN BREAKING DOWN FUEL 
2 = ",F6.0," BTU/LB") 

23 FORMAT(1H0,5X,"PRODUCTS OF COMBUSTION OF SOLID WASTE WITH STOICHIO 
IMETRIC AIR") 

24 F0RMAT(1H ,lOX,"(LBS/LB OF DRY FUEL)",/6X,"CARBON DIOXIDE    ", 
1F7.4, /6X,"WATER VAPOR    ",F7.4,/6X,"CARBON MONOXIDE...   " 
2,F7.4, /6X, "OXYGEN    " ,F7.4, /6X, "NITROGEN    " 
3 ,F7.4, /6X,"HYDROGEN    " ,F7.4, /6X,"CARBON    " 
4,F7.4//) 

26 FORMAT(1H0,///6X,"************************************************ 
1***************************************************************"/) 
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27 FORMATdH ,5X,"ITERATION FOR ADIABATIC FLAME TEMPERATURE IS DIVERG 
IING, ANALYSIS IS TERMINATED"/) 

28 FORMAT(IH ,5X,"*************************************************** 
!*************AA**A********A************************A********"/) 

29 FORMATdH ,4X," SOLUTION FOR ADIABATIC FLAME TEMPERATURE DID NOT C 
lONVERGE TO WITHIN ",F2.0," DEGF AFTER ",I3," ITERATIONS"/) 

30 FORMAT(1H0,5X,"FUEL (WASTE) MASS FEED RATE = ",F5.0," LB/HR DRY",/ 
16X,"HEAT RELEASED IN FLAME ZONE = ",E10.4," BTU/LB OF DRY FUEL",/6 
2X,"HEAT LOST VAPORIZING THE MOISTURE IN THE FUEL = ",E10.4," BTU/L 
3B OF DRY FUEL",/6X,"TOTAL GAS FLOW THRU THE FLAME = ",E10.4," LB/H 
4R",/6X,"THEORETICAL (ADIABATIC) FLAME TEMPERATURE = ",F5.0," DEGF" 
5/) 

31 FORMATdH ,5X,"PRODUCTS OF COMBUSTION OF SOLID WASTE IN FLAME ZONE 
1") 

32 FORMAT(1H0,/6X,"HEAT RELEASED IN PRIMARY COMBUSTION CHAMBER = ",EI 
10.4," BTU/LB OF DRY FUEL",/6X,"TOTAL GAS FLOW THRU PRIMARY COMBUST 
2I0N CHAMBER = ",E10.4," LB/HR") 

33 FORMATdH ,5X,"PRODUCTS OF COMBUSTION OF SOLID WASTE AND OIL IN TH 
IE PRIMARY COMBUSTION CHAMBER") 

34 FORMATdH , IOX,"EMISSIVITY OF OUTER SURFACE OF INCINERATOR = ",F4. 
12) 

36 FORMAT(IHl, 9X," CONVECTION FILM COEFFICIENTS",/13X,"INNER SURFAC 
IE OF PCC = ",F4.0," BTU/HR-SQFT-DEGF",/13X,"INNER SURFACE OF SCC = 
2 ",F4.0," BTU/HR-SQFT-DEGF",/13X,"OUTER SURFACE OF INCINERATOR = " 
3,F4.0," BTU/HR-SQFT-DEGF",/IIX,"THERMAL CONDUCTANCE THRU WALLS",/I 
43X,"OF PRIMARY COMBUSTION CHAMBER = ",F5.3," BTU/HR-SQFT-DEGF",/13 
5X,"0F SECONDARY COMBUSTION CHAMBER = ",F5.3," BTU/HR-SQFT-DEGF",/I 
6IX,"MEAN BEAM LENGTH",/13X,"OF PRIMARY COMBUSTION CHAMBER = ",F5.2 
7," FT",/13X,"0F SECONDARY COMBUSTION CHAMBER = ",F5.2," FT"///) 

37 FORMATdH ,5X,"ITERATION FOR GAS TEMPERATURE IN THE PRIMARY COMBUS 
ITION CHAMBER IS DIVERGING, ANALYSIS IS TERMINATED"/) 

38 FORMAT(IH ,5X,"SOLUTION FOR PRIMARY COMBUSTION CHAMBER TEMPERATURE 
IS DID NOT CONVERGE TO WITHIN ",F2.0," DEGF AFTER ",I3," ITERATIONS 
2"/) 

39 FORMATdH ,5X,"HOMOGENEOUS FLAME TEMPERATURE = ",F5.0," DEGF"/) 
41 FORMAT(IH ,5X,"HOMOGENEOUS TEMPERATURE OF COMBUSTION GASES IN PRIM 

lARY COMBUSTION CHAMBER = ",F5.0," DEGF",/6X,"PRIMARY COMBUSTION CH 
2AMBER INSIDE WALL TEMPERATURE = ",F5.0," DEGF",/6X,"PRIMARY COMBUS 
3TI0N CHAMBER OUTSIDE WALL TEMPERATURE = ",F5.0," DEGF"/) 

42 FORMAT(1H0,5X,"HEAT RELEASED IN SECONDARY COMBUSTION CHAMBER = ",E 
110.4," BTU/LB OF DRY FUEL",/6X,"TOTAL GAS FLOW THRU SECONDARY COMB 
2USTI0N CHAMBER = ",E10,4," LB/HR") 

43 FORMATdH ,5X,"PRODUCTS OF COMBUSTION OF SOLID WASTE AND OIL IN TH 
IE SECONDARY COMBUSTION CHAMBER") 

44 FORMAT(IH ,5X,"ITERATION FOR GAS TEMPERATURE IN THE SECONDARY COMB 
lUSTION CHAMBER IS DIVERGING, ANALYSIS IS TERMINATED"/) 

46 F0RMAT(1H ,5X,"SOLUTION FOR SECONDARY COMBUSTION CHAMBER TEMPERATU 
IRES DID NOT CONVERGE TO WITHIN ",F2.0," DEGF AFTER ",I3," ITERATIO 
2NS"/) 

47 FORMATdH ,5X,"HOMOGENEOUS TEMPERATURE OF COMBUSTION GASES IN SECO 
INDARY COMBUSTION CHAMBER = ",F5.0," DEGF",/6X,"SECONDARY COMBUSTIO 
2N CHAMBER INSIDE WALL TEMPERATURE = ",F5.0," DEGF",/6X,"SECONDARY 
3C0MBUSTI0N CHAMBER OUTSIDE WALL TEMPERATURE = ",F5,0," DEGF"/) 
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48 FORMATdH ,5X,"SPECIFIC HEAT OF PCC COMBUSTION PRODUCTS = ",F4.2," 
I BTU/LB-DEGF",/6X,"EMISSIVITY OF PCC COMBUSTION PRODUCTS =",F6.3/) 

49 FORMATdH ,5X,"SPECIFIC HEAT OF SCC COMBUSTION PRODUCTS = ",F4.2," 
1 BTU/LB-DEGF",/6X,"EMISSIVITY OF SCC COMBUSTION PRODUCTS =",F6.3/) 

51 FORMATdH ,5X,"THE ITERATION FOR THE CONVECTION BOILER PERFORMANCE 
1 IS DIVERGING, ANALYSIS IS TERMINATED"/) 

52 FORMAT(1HQ,5X,"TOTAL GAS FLOW OUT THE STACK = ",EI0.4," LB/HR",/6X 
1,"TEMPERATURE OF COMBUSTION GASES ENTERING THE BOILER = ",F5.0," D 
2EGF",/6X,"STACK GAS TEMPERATURE = ",F5.0," DEGF"/) 

53 FORMAT(IH ,5X,"COMPOSITION OF STACK GASES") 
54 FORMATdH ,5X, "CONVECTION BOILER",//11X,"STEAM GENERATION = ",F6.0 

I," LB/HR",//1IX,"BOILER HEAT TRANSFER RATE = ",EI0.4," BTU/HR",/I1 
2X,"BOILER OVERALL HEAT TRANSFER COEFFICIENT = ",F6.2," BTU/HR-SQFT 
3-DEGF",//IlX,"THERMAL EFFICIENCY OF BOILER = ",F4.2//) 

56 FORMATdH ,5X,"SOLUTION FOR THE PERFORMANCE OF THE BOILER HAS NOT 
ICONVERGED AFTER ",I3," ITERATIONS"/) 

57 FORMAT(IH ,5X,"THE ITERATION FOR TEMP OF THE GAS ENTERING THE BOIL 
lER IS DIVERGING, ANALYSIS IS TERMINATED"/) 

58 F0RMAT(1H ,5X,"SOLUTION FOR BOILER INLET GAS TEMPERATURE HAS NOT C 
lONVERGED TO WITHIN ",F2.0," DEGF AFTER ",I3," ITERATIONS"/) 

59 F0PJ4AT(1H0,5X,"OVERALL EFFICIENCY OF HEAT RECOVERY INCINERATOR"/) 
61 F0RMAT(1H ,10X,"USING THE DIRECT METHOD",//14X,"INPUT = ",E10.4," 

IBTU/HR OF WASTE (HHV*DRY FEED RATE)",/20X,"+ ",E10.4," BTU/HR OF 0 
2IL (HHV*FL0W RATE)",/20X,"+ ",E10.4," BTU/HR FROM MISCELLANEOUS AC 
3CESSORIES",/14X,"OUTPUT = ",E10.4," BTU/HR TO STEAM",//14X,"EFFICI 
4ENCY = OUTPUT/INPUT = ",F4.2//) 

62 FORMATdH ,10X,"USING THE SUMMATION OF LOSSES METHOD"/) 
63 FORMATdH , 26X,"INPUT" ,34X,"BTU/HR" , 15X,"FRACTION OF TOTAL INPUT") 
64 FORMATdH , 13X,"CHEMICAL + SENSIBLE ENERGY OF WASTE FUEL     " 

1,E10.4,20X,F6.4,/14X,"ENTHALPY OF COMBUSTION AIR  
2.   ",E10.4,20X,F6.4,/14X,"CHEMICAL + SENSIBLE ENERGY OF OIL  
3     ",E10.4,20X,F6.4,/14X,"ENTHALPY OF BOILER FEED WATER... 
4     ",E10.4,20X,F6.4,/14X,"POWER REQUIRED TO RUN ACCE 
5SS0RIES    ",E10.4,20X,F6.4/) 

66 F0RMAT(1H ,13X,"TOTAL INPUT TO HRI SYSTEM     " 
1,E10.4//) 

67 F0RMAT(1H ,26X,"LOSSES",33X,"BTU/HR",15X,"FRACTION OF TOTAL INPUT" 
1) 

68 FORMATdH , 13X,"VAPORIZATION OF MOISTURE WITH WASTE     " 
1 ,E10.4,20X,F6.4,/14X,"VAPOR. OF H20 GEN. BY BURNING H2 IN WASTE.. 
2..    ",E10.4,20X,F6.4,/14X,"CARBON CARRIED OUT WITH ASH  
3     ",E10.4,20X,F6.4,/14X,"SENSIBLE HEAT IN ASH  
4    ",E10.4,20X,F6.4) 

69 F0RMAT(1H ,13X,"HEAT TRANSFER THRU WALLS OF PCC     " 
1,E10.4,20X,F6.4,/14X,"HEAT TRANSFER THRU WALLS OF SCC  
2.    ",ElO.4,20X,F6.4,/14X,"INCOMPLETE COMBUSTION  
3     ",ElO.4,20X,F6.4,/14X,"SENSIBLE HEAT IN STACK GASES  
4     ",E10.4,20X,F6.4,/14X,"LOSS OF STEAM DUE TO BLOW- 
5D0WN     ",E10.4,20X,F6.4,/14X,"POWER REQUIRED TO RU 
6N ACCESSORIES     " ,E10.4 ,20X,F6.4/) 

71 FORMATdH ,13X,"TOTAL LOSSES FROM HRI SYSTEM     " 
1,E10.4,20X,F6.4//) 
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72 FORMATdH , 13X, "EFFICIENCY = 1.-(TOTAL LOSSES)/(TOTAL INPUT) = ",F 
14.2) 

73 FORMAT(1H1,5X,"FEED RATES AND BOUNDARY CONDITIONS"/) 
74 F0RMAT(1H ,lOX,"ULTIMATE ANALYSIS OF ASH",/12X,"(PERCENT OF DRY WE 

IIGHT)") 
76 FORMATdH ,5X,"INCINERATOR HAS NO BOILERS"//) 
77 FORMATdH ,5X,"HRI HAS A CONVECTION TYPE BOILER AT THE SCC EXIT"// 

1) 
78 F0RMAT(1H ,5X,"HRI HAS A PCC WATER-WALL BOILER"//) 
79 FORMAT(IH ,5X,"HRI HAS A SCC WATER-WALL BOILER"//) 
81 FORMATdH ,5X,"HRI HAS BOTH A PCC WATER-WALL AND CONVECTION TYPE B 

lOILER"//) 
82 FORMAT(IH ,5X,"HRI HAS BOTH A SCC WATER-WALL AND CONVECTION TYPE B 

lOILER"//) 
83 FORMATdH ,5X,"HRI HAS BOTH PCC AND SCC WATER-WALLS"//) 
84 FORMAT(IH ,5X,"HRI HAS PCC AND SCC WATER-WALLS AND ALSO A CONVECTI 

ION TYPE BOILER"//) 
86 FORMATdH ,5X,"PRIMARY COMBUSTION CHAMBER WATER-WALL BOILER CHARAC 

1TERISTICS",/11X,"SURFACE AREA OF WATER-WALL = ",F4.0," SQFT",/11X, 
2"FEED WATER PROPERTIES",/13X,"TEMPERATURE = ",F4.0," DEGF",/I3X,"E 
3NTHALPY = ",F4.0," BTU/LB",/IIX,"STEAM PROPERTIES",/13X,"TEMPERATU 
4RE = ",F4.0," DEGF",/13X,"PRESSURE = ",F4.0," PSIA",/13X,"ENTHALPY 
5 = ",F5.0," BTU/LB",/11X,"BOILER BLOW-DOWN = ",F4.1," PERCENT OF S 
6TEAM GENERATED"//) 

87 FORMAT(IH ,5X,"SECONDARY COMBUSTION CHAMBER WATER-WALL BOILER CHAR 
1ACTERISTICS",/11X,"SURFACE AREA OF WATER-WALL = ",F4.0," SQFT",/11 
2X,"FEED WATER PROPERTIES",/13X,"TEMPERATURE = ",F4.0," DEGF",/13X, 
3"EHTHALPY = ",F4.0," BTU/LB",/IIX,"STEAM PROPERTIES",/13X,"TEMPERA 
4TURE = ",F4.0," DEGF",/13X,"PRESSURE = ",F4.0," PSIA",/13X,"ENTHAL 
SPY = ",F5.0," BTU/LB",/IIX,"BOILER BLOW-DOWN = ",F4.1," PERCENT OF 
6 STEAM GENERATED"//) 

88 FORMATdH ,5X,"PRIMARY COMBUSTION CHAMBER WATER-WALL BOILER"/) 
89 FORMATdH ,10X,"STEAM GENERATION = ",F6.0," LB/HR" ,//I IX, "TOTAL HE 

lAT TRANSFERRED TO WALLS = ",E10.4," BTU/HR",/13X,"BY CONVECTION FR 
20M PRODUCTS OF COMBUSTION = ",E10.4," BTU/HR (",F4.1," PERCENT OF 
3TOTAL)",/13X,"BY RADIATION FROM FLAME = ",E10.4," BTU/HR (",F4.1," 
4 PERCENT OF TOTAL)",/13X,"BY RADIATION FROM PRODUCTS OF COMBUSTION 
5 = ",EI0.4," BTU/HR (",F4.1," PERCENT OF TOTAL)",/llX,"HEAT LOST B 
6Y CONDUCTION OUT THRU THE WALLS = ",E10.4," BTU/HR"/) 

91 FORMATdH ,5X,"SECONDARY COMBUSTION CHAMBER WATER-WALL BOILER"/) 
92 F0RMAT(1H ,10X,"STEAM GENERATION = ",F6.0," LB/HR",//IIX,"TOTAL HE 

lAT TRANSFERRED TO WALLS = ",E10.4," BTU/HR",/13X,"BY CONVECTION FR 
20M PRODUCTS OF COMBUSTION = ",E10.4," BTU/HR (",F4.1," PERCENT OF 
3TOTAL)",/13X,"BY RADIATION FROM PRODUCTS OF COMBUSTION = ",E10.4," 
4 BTU/HR (",F4.1," PERCENT OF TOTAL)",/IIX,"HEAT LOST BY CONDUCTION 
5 OUT THRU THE WALLS = ",E10.4," BTU/HR"/) 

93 FORMAT(15) 
94 FORMATdH , 1 OX,"THERMAL EFFICIENCY OF BOILER = ",F4.2//) 
96 FORMATdH ,5X,"THE CONVECTION BOILER STEAM TEMPERATURE IS GREATER 

ITHAN THE TEMPERATURE OF THE COMBUSTION PRODUCTS, ANALYSIS IS TERMI 
2NATED"/) 

103 FORMAT(IHl) 
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104 FORMAT(IH ,5X,"THE STACK GAS PROPERTIES ARE APPROXIMATELY EQUAL TO 
I THE SECONDARY COMBUSTION CHAMBER PROPERTIES"//) 
END 
FUNCTION SPHT(T,02,N2,CO,H2,H20,C02) 

C  PROGRAM TO CALCULATE THE MEAN SPECIFIC HEAT BETWEEN T AND 60 DEGF 
C  OF A MIXTURE OF GASES THE GASES CONSIDERED ARE OXYGEN, NITROGEN 
C  CARBON MONOXIDE, HYDROGEN, WATER VAPOR, AND CARBON DIOXIDE 
C  SPECIFIC HEAT CALCULATED IN BTU/LB-DEGF 

REAL MW,MOLES,N2 
DIMENSION CP(6) 
DATA TDATUM/520./ 
SPHT=0. 
DELTA=T-TDATUM 

C  FIRST CALCULATE THE MEAN SPECIFIC HEAT OF INDIVIDUAL COMPONENTS 
C USING THE RELATIONSHIPS OF SWEIGERT AND BEARDSLEY, REF. GEORGIA 
C  INST. OF TECH. BULLETIN 2 (1938) 

CP(1)=(1I.515*DELTA-344.*(SQRT(T)-SQRT(TDATUM))+1530. 
1*(ALOG(T)-ALOG(TDATUM)))/DELTA*02 
CP(2)=(9.47*DELTA-3.47E3*(ALOG(T)-ALOG(TDATUM))-1.16E6 

1*(1./T-1./TDATUM))/DELTA*N2 
CP(3)=(9.46*DELTA-3.29E3*(ALOG(T)-ALOG(TDATUM))-1.07E6 

1*(1./T-1./TDATUM))/DELTA*CO 
CP(4)=(5.76*DELTA+2.89E-4*(T**2-TDATUM**2)+40.*(SQRT(T) 
1-SQRT(TDATUM)))/DELTA*H2 
CP(5)=(19.86*DELTA-1194.*(SQRT(T)-SQRT(TDATUM))+7500. 
1*(ALOG(T)-ALOG(TDATUM)))/DELTA*H20 
CP(6)=(16.2*DELTA-6.53E3*(ALOG(T)-ALOG(TDATUM))-1.41E6 
1*(1./T-1./TDATUM))/DELTA*C02 

C  THE TOTAL NUMBER OF MOLES IN THE MIXTURE 
MOLES=02+N2+CO+H2+H20+C02 

C THE MOLECULAR WEIGHT OF THE MIXTURE 
MW=(02*32.+N2*28.+CO*28.+H2*2.+H20*18.+C02*44.)/MOLES 

C  ALLOWING THE MEAN SPECIFIC HEAT TO BE DETERMINED 
DO 5 1=1,6 
SPHT=SPHT+CP(I)/MOLES/MW 

5 CONTINUE ^ 
RETURN ' 
END 
FUNCTION DCPDT(T,02,N2,CO,H2,H20,C02) 

C  PROGRAM TO CALCULATE THE DERIVATIVE, WITH RESPECT TO T, OF THE MEAN 
C  SPECIFIC HEAT BETWEEN T AND 60 DEGF OF A MIXTURE OF GASES THE 
C  GASES CONSIDERED ARE OXYGEN,NITROGEN, CARBON MONOXIDE, HYDROGEN, 
C WATER VAPOR, AND CARBON DIOXIDE 

REAL MW,MOLES,N2 
DIMENSION CP(6) 
DATA TDATUM/520./ 
DCPDT=0. 
DELTA=T-TDATUM 

C  FIRST CALCULATE THE DERIVATIVE OF THE INDIVIDUAL COMPONENTS OF THE 
C  GAS USING THE RELATIONSHIPS OF SWEIGERT AND BEARDSLEY, REF. GEORGIA 
C  INST. OF TECH. BULLETIN 2 (1938) 
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CP(1)=((11.515-172./SQRT(T)+1530./T)/DELTA-(11.515*DELTA-344. 
1*(SQRT(T)-SQRT(TDATUM))+1530.*(ALOG(T)-ALOG(TDATUM)))/DELTA**2)*02 
CP(2)=((9.47-3.47E3/T+1.16E6/T**2)/DELTA-(9.47*DELTA-3.47E3*( 
lALOG(T)-ALOG(TDATUM))-1.16E6*(1./T-1./TDATUM))/DELTA**2)*N2 
CP(3)=((9.46-3.29E3/T+1.07E6/T**2)/DELTA-(9.46*DELTA-3.29E3* 
1(ALOG(T)-ALOG(TDATUM))-1.07E6*(1./T-I./TDATUM))/DELTA**2)*C0 
CP(4)=((5.76+5.78E-4*T+20./SQRT(T))/DELTA-(5.76*DELTA+2.89E-4* 
1(T**2-TDATUM**2)+40.*(SQRT(T)-SQRT(TDATUM)))/DELTA**2)*H2 
CP(5)=((19.86-597./SQRT(T)+7500./T)/DELTA-(19.86*DELTA-1194.* 
1(SQRT(T)-SQRT(TDATUM))+7500.*(ALOG(T)-ALOG(TDATUM)))/DELTA**2)*H20 
CP(6)=((16.2-6.53E3/T+1.41E6/T**2)/DELTA-(16.2*DELTA-6.53E3* 
1(ALOG(T)-ALOG(TDATUM))-1.41E6*(1./T-1./TDATUM))/DELTA**2)*C02 

C  THE TOTAL NUMBER OF MOLES IN THE MIXTURE 
MOLES=02+N2+CO+H2+H20+C02 

C  THE MOLECULAR WEIGHT OF THE MIXTURE 
MW=(02*32.+N2*28.+CO*28.+H2*2.+H20*18.+C02*44.)/MOLES 

C  ALLOWING THE DERIVATIVE OF THE SPECIFIC HEAT TO BE DETERMINED 
DO 5 1=1,6 
DCPDT=DCPDT+CP(I)/MOLES/MW 

5 CONTINUE 
RETURN 
END 
SUBROUTINE EQUATE 

C  PROGRAM TO DETERMINE THE COMPOSITION OF THE PRODUCTS OF COMBUSTION 
C  OF THE HYDROGEN AND CARBON IN THE WASTE A DIFFUSION (LINEAR) 
C  FLAME MECHANISM IS ASSUMED 

REAL N2,NIT 
COMMON/GASES/C02,H20(2),CO,02(2),N2,H2 
C0MM0N/ELEMENT/HYD,NIT,0XY,CARB0N(2),P(7) 

C 
C  ELEMENTAL OXYGEN AVAILABLE FOR COMBUSTION OF THE WASTE 

S=OXY+2.*02(l) 
C  OXYGEN REQUIRED FOR COMPLETE COMBUSTION 

STOICH=HYD/2.+2.*CARBON(l) 
IF (S.GE.STOICH) GO TO 15 

C  STARVED AIR COMBUSTION OF THE HYDROGEN 
O2(2)=0. 
H20(2)=S*HYD/2./STOICH 
H2=HYD/2.-H20(2) 
S=S-H20(2) 
IF (S.GE.CARBON(1)) GO TO 10 

C  STARVED AIR COMBUSTION OF THE CARBON....NOT ENOUGH OXYGEN TO FORM 
C  ANY CARBON DIOXIDE 

CO=S 
CARBON(2)=CARBON(1)-CO 
C02=0. 
GO TO 20 

10 T=S-CARB0N(1) 
C02=T 
C0=CARB0N(1)-T 
CARBON(2)=0. 
GO TO 20 



C EXCESS AIR COMBUSTION 
15 H20(2)=HYD/2. 

C02=CARB0N(1) 
H2=0. 
CARB0N(2)=0. 
C0=0. 
02(2)=S/2.-HYD/4.-CARB0N(I) 

20 CONTINUE 
C  CONVERT PRODUCTS OF COMBUSTION FROM MOLES TO LBS 

P(1)=C02*44. 
P(2)=(H20(1)+H20(2))*18. 
P(3)=C0*28. 
P(4)=02(2)*32. 
P(5)=N2*28. 
P(6)=H2*2. 
P(7)=CARBON(2)*12. 
RETURN 
END 
FUNCTION EMISS(T,L) 

C  PROGRAM TO CALCULATE THE EMISSIVITY OF A MIXTURE OF COMBUSTION GASES. 
C  CARBON DIOXIDE, WATER VAPOR, AND CARBON MONOXIDE ALL CONTRIBUTE AND 
C  THEIR INDIVIDUAL EMISSIVITIES ARE OBTAINED FROM CURVE FITS OF THE 
C TABLES OF MCADAMS, "HEAT TRANSMISSION", MCGRAW-HILL,(1954) 

REAL L,MOLES,N2 
COMMON/GASES/C02,H20(2),CO,02(2),N2,H2 
DATA DELTA/0./ 

C 
C  CALCULATE THE PARTIAL PRESSURE OF INDIVIDUAL GASES IN ATMOSPHERES 
C ASSUMING A TOTAL PRESSURE OF ONE ATMOSPHERE 

MOLES=C02+H20(I)+H20(2)+C0+02(2)+N2+H2 
PC02=C02/MOLES 
PH20=(H20(1)+H20(2))/MOLES 
PCO=CO/MOLES 

C  THE INDEPENDENT VARIABLE IS PARTIAL PRESSURE TIMES MEAN BEAM LENGTH 
PC02L=PC02*L 
PH20L=PH20*L 
PCOL=PCO*L 

C 
C  CALCULATE EMISSIVITY OF CARBON DIOXIDE 

IF (PCO2L.LE.0.) GO TO 10 
POWER=-0.721+0.215*ALOG10(PCO2L) 
EMAX=-0.04+10.**POWER 
TMAX=2600.+800.*ALOG10(EMAX) 
POWER=((T-TMAX)/2800.)**2 
POWER=EXP(-POWER)-1. 
EC02=EMAX*10.**POWER 

C  CORRECT FOR OVERLAP WITH WATER VAPOR 
EC02=EC02-DELTA 
GO TO 15 

10 EC02=0. 
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C  CALCULATE EMISSIVITY OF WATER VAPOR 
15 IF (PH20L.LE.O.) GO TO 20 

EMAX=2.+ALOG10(PH20L) 
EMAX=-2.097+0.821*EMAX-0.1115*EMAX*(EMAX-1.)-0.00567*EMAX 
1*(EMAX-1.)*(EMAX-2.) 
POWER=(EMAX-0.59)*(T+5000.)/7000.+0.59 
EH20=10.**P0WER 

C CORRECT FOR PARTIAL PRESSURE OTHER THAN ZERO 
EH2O=EH2O*(l.+(0.62-0.1*ALOG(PH20L))*PH2O) 
GO TO 25 

20 EH20=0. 
C  CALCULATE EMISSIVITY OF CARBON MONOXIDE 

25 IF (PCOL.LE.O.) GO TO 30 
POWER=-0,8477+0.1809*ALOG10(POOL) 
EMAX=-0.0403+10.**POWER 
TMAX=1600.+3280.*(0.122-EMAX) 
POWER=((T-TMAX)/1800.)**2 
POWER=-1.+EXP(-POWER) 
ECO=EMAX*10.**POWER 

C  CORRECT EMISSIVITY OF CO FOR OVERLAP WITH C02 
ECO=0.7*ECO 
GO TO 35 ' 

30 ECO=0. 
C 
C  CALCULATE THE TOTAL EMISSIVITY OF THE COMBUSTION GASES 

35 EMISS=EC02+EH20+ECO 
IF (EMISS.LE.l.) GO TO 50 
WRITE(6,1) 
WRITE(6,2) 
WRITE(6,3) 

50 RETURN 
1 F0R1^T(1H0,////6X,"*********************************************** 

2 F0RMAT(1H ,//6X,"EMISSIVITY GREATER THAN ONE THE GAS COMPOSITI 
ION IS PROBABLY INCORRECT") 

3 F0RMAT(1H ,//6X,"************************************************* 
1**************************************************************"//) 
END 
FUNCTION DEDT(T,L) 

C  PROGRAM TO CALCULATE THE DERIVATIVE OF THE EMISSIVITY OF COMBUSTION 
C  GASES WITH RESPECT TO TEMPERATURE CARBON DIOXIDE, WATER VAPOR, 
C  AND CARBON MONOXIDE CONTRIBUTE TO TOTAL EMISSIVITY AND THEIR 
C  INDIVIDUAL EMISSIVITIES ARE OBTAINED FROM CURVE FITS OF THE TABLES 
C  OF MCADAMS, "HEAT TRANSMISSION", MCGRAW-HILL,(1954) 

REAL L,MOLES,N2 
COMMON/GASES/C02,H20(2),CO,02(2),N2,H2 
DATA DDELDT/0./ 

C 
C  CALCULATE THE PARTIAL PRESSURE OF INDIVIDUAL GASES IN ATMOSPHERES 
C  ASSUMING A TOTAL PRESSURE OF ONE ATMOSPHERE 

MOLES=C02+H20(l)+H20(2)+CO+02(2)+N2+H2 
PC02=C02/MOLES 
PH20=(H20(l)+H20(2))/MOLES 
PCO=CO/MOLES 
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C  THE INDEPENDENT VARIABLE IS PARTIAL PRESSURE TIMES MEAN BEAM LENGTH 
PC02L=PC02*L 
PH20L=PH20*L 
PCOL=PCO*L 

C 
C  CALCULATE THE DERIVATIVE OF THE EMISS OF C02 WITH RESPECT TO TEMP 

IF (PC02L.LE.O.) GO TO 10 
POWER=-0.72I+0.2I5*ALOG10(PCO2L) 
EMAX=-0.04+10.**POWER 
TMAX=2600.+800.*ALOG10(EMAX) 
POWER=((T-TMAX)/2800.)**2 
P0WER1=EXP(-POWER)-1. 
DEC02=-5.87E-7*EMAX*10.**P0WER1*EXP(-POWER)*(T-TMAX) 

C  CORRECT FOR OVERLAP WITH WATER VAPOR 
DEC02=DEC02-DDELDT 
GO TO 15 

10 DEC02=0. 
C  CALCULATE THE DERIVATIVE OF THE EMISS OF H20 WITH RESPECT TO TEMP 

15 IF (PH20L.LE.O.) GO TO 20 
EMAX=2.+ALOG10(PH20L) 
EMAX=-2.097+0.82l*EMAX-0.1115*EMAX*(EMAX-1.)-0.00567*EMAX 
1*(EMAX-1.)*(EMAX-2.) 
POWER=(EMAX-0.59)*(T+5000.)/7000.+0,59 
DEH20=3.29E-4*10.**P0WER*(EMAX-0.59) 

C  CORRECT FOR PAETIAL PRESSURE OTHER THAN ZERO 
DEH20=DEH20*(1.+(0.62-0.1*AL0G(PH20L))*PH20) 
GO TO 25 

20 DEH20=0. 
C  CALCULATE THE DERIVATIVE OF THE EMISS OF CO WITH RESPECT TO TEMP 

25 IF (PCOL.LE.O.) GO TO 30 
POWER=-0.8477+0.1809*ALOG10(POOL) 
EMAX=-0.0403+10.**POWER 
TMAX=1600.+3280.*(0.122-EMAX) 
POWER=((T-TMAX)/1800.)**2 
P0WER1=EXP(-POWER)-1. 
DEC0=-1.42E-6*EMAX*10.**P0WER1*EXP(-POWER)*(T-TMAX) 

C  CORRECT EMISSIVITY OF CO FOR OVERLAP WITH CO2 
DECO=0.7*DECO 
GO TO 35 

30 DECO=0. 
C 
C CALCULATE THE DERIVATIVE OF THE TOTAL EMISSIVITY OF THE COMBUSTION 
C  GASES WITH RESPECT TO GAS TEMPERATURE 

35 DEDT=DEC02+DEH20+DECO 
RETURN 
END 
SUBROUTINE MINV(A,N,D,L,M) 

C 
c   
c 
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C SUBROUTINE MINV 
C 
C PURPOSE 
C INVERT A MATRIX 
C 
C USAGE 
C CALL MINV(A,N,D,L,M) 
C 
C DESCRIPTION OF PARAMETERS 
C A - INPUT MATRIX, DESTROYED IN COMPUTATION AND REPLACED BY 
C RESULTANT INVERSE. 
C N - ORDER OF MATRIX A 
C D - RESULTANT DETERMINANT 
C L - WORK VECTOR OF LENGTH N 
C M - WORK VECTOR OF LENGTH N 
C 
C REMARKS 
C MATRIX A MUST BE A GENERAL MATRIX 
C 
C SUBROUTINES AND FUNCTION SUBPROGRAMS REQUIRED 
C NONE 
C 
C METHOD 
C THE STANDARD GAUSS-JORDAN METHOD IS USED. THE DETERMINANT 
C IS ALSO CALCULATED. A DETERMINANT OF ZERO INDICATES THAT 
C THE MATRIX IS SINGULAR, 
C 
c   
c 

DIMENSION A(I),L(1),M(1) 
C 
c   
c 
C IF A DOUBLE PRECISION VERSION OF THIS ROUTINE IS DESIRED, THE 
C C IN COLUMN 1 SHOULD BE REMOVED FROM THE DOUBLE PRECISION 
C STATEMENT WHICH FOLLOWS. 
C 
C DOUBLE PRECISION A,D,BIGA,HOLD 
C 
C THE C MUST ALSO BE REMOVED FROM DOUBLE PRECISION STATEMENTS 
C APPEARING IN OTHER ROUTINES USED IN CONJUNCTION WITH THIS 
C ROUTINE, 
C 
C THE DOUBLE PRECISION VERSION OF THIS SUBROUTINE MUST ALSO 
C CONTAIN DOUBLE PRECISION FORTRAN FUNCTIONS.  ABS IN STATEMENT 
C 10 MUST BE CHANGED TO DABS. 
C 
c   
c 
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C       SEARCH FOR LARGEST ELEMENT 
C 

D=1.0 
NK=-N 
DO 80 K=1,N 
NK=NK+N 
L(K)=K 
M(K)=K 
KK=NK+K 
BIGA=A(KK) 
DO 20 J=K,N 
IZ=N*(J-1) 
DO 20 I=K,N 
IJ=IZ+I ■'- 

10 IF( ABS(BIGA)- ABS(A(IJ))) 15,20,20 
15 BIGA=A(IJ) 

L(K)=I 
M(K)=J 

20 CONTINUE 
C 
C       INTERCHANGE ROWS 
C 

J=L(K) 
IF(J-K) 35,35,25 

25 KI=K-N 
DO 30 1=1,N 
KI=KI+N 
H0LD=-A(KI) 
JI=KI-K+J 
A(KI)=A(JI) 

30 A(JI) =HOLD 
C 
C       INTERCHANGE COLUMNS 
C 

35 I=M(K) 
IF(I-K) 45,45,38 

38 JP=N*(I-1) 
DO 40 J=1,N 
JK=NK+J 
JI=JP+J 
HOLD=-A(JK) 
A(JK)=A(JI) 

40 A(JI) =HOLD 
C 
C       DIVIDE COLUMN BY MINUS PIVOT (VALUE OF PIVOT ELEMENT IS 
C       CONTAINED IN BIGA) 
C 
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45 IF(BIGA) 48,46,48 
46 D=0.0 

RETURN 
48 DO 55 1=1,N 

IF(I-K) 50,55,50 
50 IK=NK+I 

A(IK)=A(IK)/(-BIGA) 
55 CONTINUE 

C 
C       REDUCE MATRIX 
C 

DO 65 1=1,N 
IK=NK+I 
HOLD=A(IK) 
IJ=I-N 
DO 65 J=1,N 
IJ=IJ+N 
IF(I-K) 60,65,60 

60 IF(J-K) 62,65,62 
62 KJ=IJ-I+K 

A(IJ)=HOLD*A(KJ)+A(IJ) 
65 CONTINUE 

C 
C       DIVIDE ROW BY PIVOT 
C 

KJ=K-N 
DO 75 J=1,N 
KJ=KJ+N 
IF(J-K) 70,75,70 

70 A(KJ)=A(KJ)/BIGA 
75 CONTINUE 

C 
C       PRODUCT OF PIVOTS 
C 

D=D*BIGA 
C 
C       REPLACE PIVOT BY RECIPROCAL 
C 

A(KK)=1.0/BIGA 
80 CONTINUE 

C 
C       FINAL ROW AND COLUMN INTERCHANGE 
C 

K=N 
100 K=(K-1) 

IF(K) 150,150,105 
105 I=L(K) 

IF(I-K) 120,120,108 
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108 JQ=N*(K-1) 
JR=N*(I-1) 
DO 110 J=1,N 
JK=JQ+J 
HOLD=A(JK) 
JI=JR+J 
A(JK)=-A(JI) 

110 A(JI) =HOLD 
120 J=M(K) 

IF(J-K) 100,100,125 
125 KI=K-N 

DO 130 1=1,N 
KI=KH-N 
HOLD=A(KI) 
JI=KI-K+J 
A(KI)=-A(JI) 

130 A(JI) =HOLD 
GO TO 100 

150 RETURN 
END 
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Table 1. Comparing HRI Predictions With the Measured 
Performance of the Incinerator at the Naval 
Station, Mayport, Fla. 

Variable 
Measured 
Value 

9 Dec 1980 

HRI 
Prediction 

PCC gas temperature, °F 

PCC outside wall temperature, °F 

sec gas temperature, °F 

sec outside wall temperature, °F 

Stack gas temperature, °F 

Steam generation, Ib/hr 

Overall efficiency 

1,193 

175 

1,578 

221 

470 

7,958 

0.49 

1,163 

19t 

1,499 

224 

509 

8,657 

0.48 

Reference 9. 
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Table 2.  Program "HRI" Input Format 

N3 

/ 20 30 40 50 60 70 80 
/                        FUEL HHVCD 

C(l) H(l) 0(1) N(l) X(l) 
WATER VM FC ASHE 

ASH HHV(2) 
C(2) H(2) 0(2) N(2) X(2) .. 

OIL(l) 0IL(2) HHV(3) 
C(3) 
KW 

AIRPCC 

H(3) 0(3) N(3) X(3) 

AIROF AIRSCC AIROIL(l) AIR0IL(2) 
LEAK(l) LEAK(2) LEAK(3) 
AFLAME APCC ASCC HCONV(l) HC0NV(2) HC0NV(3) KWALL(l) KWALL(2) 

TAMB ESHELL LPCC LSCC 
TYPE 

ABOIL TFEED(l) HFEED(l) TSTM(l) HSTM(l) HEVAP PSTM(l) BD(1) 
U TIN TOUT FLOW 

TSTM(2) PSTM(2) HSTM(2) TFEED(2) HFEED(2) BD(2) 
TSTM(3) PSTM(3) HSTM(3) TFEED(3) HFEED(3) BD(3) 



Table 3.  Program HRI Input Variables 

Variable Definition Units Comments 

FUEL Feed rate of the wet fuel (waste) Ib/hr 

HHV(l) Higher heating value of the fuel Btu/lb 

C(l) Carbon content of fuel as % of 
determined by ultimate analysis dry weight 

H(l) Hydrogen content of fuel 

0(1) Oxygen content of fuel 

N(l) Nitrogen content of fuel 

X(l) Amount of everything else (other 
than carbon, hydrogen, oxygen, 
nitrogen) contained in the fuel 
as determined by ultimate 
analysis 

WATER Moisture in fuel as determined % of 
by proximate analysis dry weight 

VM Volatile matter in the fuel 

FC Fixed carbon in the fuel 

ASHE Ash content of fuel 

ASH Removal rate of ash Ib/hr 

HHV(2) Higher heating value of ash Btu/hr 

C(2) Carbon content of ash as % of 
determined by ultimate analysis dry weight 

H(2) Hydrogen content of ash 

0(2) Oxygen content of ash 

N(2) Nitrogen content of ash 

X(2) Amount of everything other than 
carbon, hydrogen, oxygen, and 
nitrogen contained in ash 

OIL(l) Oil supplied to PCC burner Ib/hr 

continued 
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Table 3.  Continued 

Variable Definition Units Comments 

0IL(2) Oil supplied to SCC burner Ib/hr 

HHV(3) Higher heating value of the oil Btu/lb 

C(3) Carbon content of the oil as % of 
determined by ultimate analysis dry weight 

H(3) Hydrogen content of oil 

0(3) Oxygen content of oil 

N(3) Nitrogen content of oil 

X(3) Amount of everything other than 
carbon, hydrogen, oxygen, and 
nitrogen contained in the oil 

KW Sum of all external power 
requirements 

kW 

AIRPCC Underfire air Ib/min 

AIROF Overfire air Ib/min 

AIRSCC Combustion air supplied to SCC Ib/min 

AIROIL(l) Combustion air supplied to 
primary oil burner 

Ib/min 

AIR0IL(2) Combustion air supplied to 
secondary oil burner 

Ib/min 

LEAK(l) Air leakage into or out of the Ib/min Negative leakage 
PCC is out of the 

incinerator 

LEAK(2) Air leakage into or out of the 
SCC 

Ib/min 

LEAK(3) Air leakage down the dump stack Ib/min 

AFLAME Surface area of the hearth ft2 
covered by the flame 

APCC Surface area of PCC walls ft2 

ASCC Surface area of SCC walls ft2 

continued 
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Table 3.  Continued 

Variable Definition Units Comments 

HCONV(l) Convective heat transfer coeffi- 
cient of inner walls of PCC 

Btu/hr-ft2-OF 

HC0NV(2) Convective heat transfer coeffi- 
cient of inner walls of SCC 

Btu/hr-ft2-°F 

HC0NV(3) Convective heat transfer coeffi- 
cient of all outer walls of 
incinerator 

Btu/hr-ft2-°F 

KWALL(l) Thermal conductance of PCC walls Btu/hr-ft2-°F Thermal 
conductivity 
divided by 
thickness 

KWALL(2) Thermal conductance of SCC walls Btu/hr-ft2-°F 

TAMB Ambient air temperature °F 

ESHELL Emissivity of the outer shell of 
the incinerator 

Dimensionless 

LPCC Mean beam length of the PCC ft 

LSCC Mean beam length of the SCC ft 

TYPE Code to designate the incinerator 
configuration: 

"1" signifies no boilers 

"2" signifies convection boiler 
at SCC exit 

"3" signifies PCC waterwalls 

This is the only 
integer input and 
the only variable 
input in a field 
width of five 

"4" signifies SCC waterwalls 

"5" signifies both PCC waterwalls 
and convection boiler at SCC exit 

"6" signifies both SCC waterwalls 
and convection boiler at SCC exit 

"7" signifies both PCC and SCC 
waterwalls 

continued 
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Table 3.  Continued 

Variable Definition Units Comments 

TYPE "8" signifies PCC waterwalls, 
sec waterwalls, and convection 
boiler at SCC exit 

ABOIL Total surface area of the tubes ft2 If there is no 
of the convection boiler convection boiler, 

the applicable 
inputs are omitted 

TFEED(l) Temperature of the feed water to 
the convection boiler 

°F 

HFEED(l) Enthalpy of the feed water to the 
convection boiler 

Btu/lb 

TSTM(l) Temperature of the steam leaving 
the convection boiler 

°F 

HSTM(l) Enthalpy of the steam leaving 
the convection boiler 

Btu/lb 

HEVAP Enthalpy of the feed water at 
saturation 

Btu/lb 

PSTM(l) Pressure of the steam leaving the 
convection boiler 

psia 

BD(1) Blowdown loss from the convection Fraction of 
boiler steam generated 

U Convection boiler overall heat Btu/hr-ft2-°F "U" is the overall 
transfer coefficient under heat transfer 
design conditions coefficient of a 

boiler designed to 
handle FLOW Ib/hr 
of combustion 
gases entering at 
TIN °F and exiting 
at TOUT °F 

TIN Temperature of combustion gases 
entering convection boiler under 
design conditions 

°F 

TOUT Temperature of combustion gases 
exiting convection boiler under 
design conditions 

°F 

continued 
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Table 3.  Continued 

Variable 

FLOW 

TSTM(2) 

PSTM(2) 

HSTM(2) 

TFEED(2) 

HFEED(2) 

BD(2) 

TSTM(3) 

PSTM(3) 

HSTM(3) 

TFEED(3) 

HFEED(3) 

BD(3) 

Definition 

Flow rate of combustion gases 
passing through convection boiler 
operating under design conditions 

Temperature of steam leaving 
PCC waterwalls 
waterwalls 

Pressure of steam leaving PCC 
waterwalls 

Enthalpy of steam leaving PCC 
waterwalls 

Temperature of feed water to 
PCC waterwalls 

Enthalpy of feed water to PCC 
waterwalls 

Slowdown loss from PCC waterwalls 

Temperature of steam leaving 
sec waterwalls 

Pressure of steam leaving 
sec waterwalls 

Enthalpy of steam leaving 
sec waterwalls 

Temperature of feed water to 
sec waterwalls 

Enthalpy of feed water to 
see waterwalls 

Slowdown loss from SCC waterwalls 

Units 

Ib/hr 

•F 

psia 

Btu/lb 

Btu/lb 

Fraction of 
steam generated 

OF 

psia 

Btu/lb 

Comments 

Btu/lb 

Fraction of 
steam generated 

If there are no 
primary combustion 
chamber water- 
walls, the appli- 
cable inputs are 
omitted 
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Table 4.  Suggested Convection Heat 
Transfer Coefficients 

Variable 
Name 

Magnitude 
(Btu/hr-ft2-°F) 

(■:■ 

HCONV (1) 
and 

HCONV (2) 

HCONV (3) 

5 to 50 

1 to 5 
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stack 

natural draft 
dump stack 

leakage 

oil . 

leakage 

1 

solid 
waste 

secondary 
combustion 
chamber (SCO 

^*       feedwater 

primary 
combustion 
chamber (PCC) 

ri^Ki^^/'^^^-^? 

underfire air ^Y 
asb 

Figure 1.  HRI configuration options. 
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^SHELL       ^WALL 
'^PCC^p.MIX^^PCC^      PCC 

'IRAD.F^W 

PCC 
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wall 

primary 
combustion 
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Figure 2.  Conservation of energy in primary combustion chamber. 
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'^STEAM^STEAM 
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^AIR,LEAK'-'PAIR^^°^^^°° 
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Figure 3.  Conservation of energy in energy recovery boiler. 
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Figure 4.  Typical temperature variations through heat recovery boiler. 
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waste feed rate 
2,060 Ib/hr wet 

O 

7,958 Ib/hr 
steam generation 88 Ib/min 

sec air 
243 Ib/min 
underfire air 

ash removal 
493 Ib/hr dry 
1. 

Figure 5.  Cross section of incineration heat recovery system 
at the Naval Station, Mayport, Fla. (from Ref 9). 



100 

100 

Air supplied, % of stoichiometric 

Figure 6.  Comparison of equilibrium and diffusion models 
in predicting the progress of starved air 
combustion of cellulose. 
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100 

Air supplied, % of stoichiometric 

Figure 7.  Comparison of equilibrium and diffusion models 
in predicting the progress of starved air 
combustion of plastic. 

105 



refuse chute 

Figure 8.  Schematic of Morse Boulger plant no. 1 
(from Ref 15). 
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steam boiler 

stack 

residue 
crane/bunker 

underfire 
air fan 

Figure 9.  Schematic drawing of unit no. 3 equipment 
cross section for Besancon, France, HRI 
facility (from Ref 17). 
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Appendix 

HRI ON A PERSONAL COMPUTER 

by 
K. D. Miller 

This appendix explains how to operate the program HRI on an IBM PC 
or a Zenith 120.  Characteristics of running the program on a personal 
computer (PC), inputting data, and printing the output will be covered. 

The program HRI was downloaded from a mainframe computer to the 
IBM PC.  The compiler used on the PC was MICROSOFT'S FORTRAN 77 compiler, 
version 3.20.  Since HRI is about 1,400 lines long, it is necessary to 
compile the program on a hard disk instead of a floppy disk.  It is 
important to make and use a back-up copy of this disk because of the 
compiling difficulty.  The floppy disk contains the following programs: 

HRI.FOR - The source code (program listing) for the main 
program HRI. 

HRI.EXE  -  The compiled version of HRI. 

HRI.DAT  - A file containing a sample set of data to run with 
the program HRI. 

HRT.FOR  -  The source code (program listing) for the program HRT, 
which enters data into HRI.DAT. 

HRT.EXE - The compiled version of HRT. 

The PC version of the program HRI has been slightly modified. The 
program reads input from the file HRI.DAT, and it sends the output to a 
file called HRI.OUT instead of to the screen. To make inputting the 
data easier, an optional program called HRT.FOR has been created. This 
program asks the user to enter the data item by item, and it places the 
data in the file HRI.DAT. 

Before running the program HRI, load the IBM-DOS disk, or the Z-DOS 
disk if using a Zenith 120, in drive A and the disk containing the HRI 
and HRT programs in drive B.  The system should be set with drive B as 
the default drive. 

The program is begun by typing HRT.  Information is then displayed 
on the screen, and the first prompt asks for the mass flow rate of the 
fuel in Ib/hr.  If a single variable is asked for, simply type in the 
number and hit RETURN.  When multiple variables are asked for, the data 
must be separated by spaces, commas, or RETURNS.  It is not possible to 
skip a prompt; data or zeros must be entered for each prompt. 
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Once the program HRT has been completed, it is possible to correct 
any mistakes made while entering the data.  This is also an advantage if 
only one or two parameters need to be changed for additional runs of 
HRl.  The file HRl.DAT can be edited by using whatever type of editor is 
available.  Some examples of editors are EDLIN and WordStar. 

When the data are correct, the main program is run by typing HRI. 
No inputs are asked for from the screen.  Note that the program HRI will 
run without having first run HRT, using whatever data are currently in 
HRl.DAT.  The message "Stop -- Program Terminated" is displayed when 
execution has been completed.  The output is contained in the file 
HRI.OUT.  To obtain a hard copy of the output, type TYPE HRI.OUT with 
the printer activated.  The output is in the same format as the mainframe 
version.  The data contained in the file HRl.DAT are kept until the 
program HRT is run again.  So if only one or two variables are to be 
changed, it is faster to directly edit the file HRl.DAT instead of 
rerunning HRT.  The data in the file HRI.OUT are kept until the program 
HRI is run again.  Therefore, if the output files are to be permanently 
kept, they should be copied onto another disk. 
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ARMY ENGR DIST. Library, Portland OR 

ARMY ENVIRON. HYGIENE AGCY HSHB-EW, Water Qual Engrg Div, Aberdeen Proving Ground   MD 
ARMY MATERIALS & MECHANICS RESEARCH CENTER Dr. Lenoe, Watertown   MA 
ARMY MISSILE R&D CMD Ch, Docs, Sci Info Ctr, Arsenal, AL 
ARMY-BELVOIR R&D CTR CFLO Engr, Fort Belvior, VA; STRBE-AALO, Ft Belvoir   VA- 

STRBE-BLORE, Ft Belvoir, VA; STRBE-WC, Ft. Belvoir, VA 
ADMINSUPU PWO, Bahrain 
BUREAU OF RECLAMATION Code  1512 (C. Selander) Denver CO 
CBC Code 10, DavisviUe, RI; Code 155, Port Hueneme, CA; Code 430, Gulfport, MS; Code 470.2, Gulfport, 

MS; Dir, CESO. Port Hueneme, CA; Library, DavisviUe, RI; PWO (Code 80), Port Hueneme, CA; PWO 
DavisviUe, RI; PWO, Gulfport, MS; Tech Library, Gulfport, MS 

CINCLANTFLT Civil Eng Supp Plans Offr, Norfolk, VA 

CNO Code NOP-964, Washington DC; Code OP 987 Washington DC; Code OP-413 Wash, DC- Code OP-987J 
Washington, DC; Code OPNAV 09B24 (H); OP-098, Washington, DC 

COMCBLANT Code S3T, Norfolk, VA 
COMFAIRMED SCE (Code N55), Naples, Italy 
COMFLEACT PWO, Okinawa, Japan 
COMFLEACT, OKINAWA PWO, Kadena, Japan 
COMNAVACT PWO, London, England 
COMNAVLOGPAC Code 4318, Pearl Harbor, HI 
COMNAVMARIANAS CO, Guam 
COMNAVSUPPFORANTARCTICA DET, PWO, Christchurch, NZ 
COMOCEANSYSLANT Fac Mgmt Offr, PWD, Norfolk, VA 
COMOCEANSYSPAC SCE, Pearl Harbor, HI 
COMSUBDEVGRUONE Operations Offr, San Diego, CA 
DEFFUELSUPPCEN DFSC-OWE (Term Engrng) Alexandria, VA; DFSC-OWE   Alexandria VA 
DEPT OF ENERGY Tech Library (Reports Sta), Idaho Falls, ID 
DLSIE Army Logistics Mgt Center, Fort Lee, VA 
DTIC Alexandria, VA 

DTNSRDC Code 4111 (R. Gierich), Bethesda MD; Code 4120, Annapolis, MD; Code 522 (Library), Annapolis 
MD 

ENVIRONMENTAL PROTECTION AGENCY Reg. Ill Library, Philadelphia PA- Reg   VIII   8M-ASL 
Denver CO 

FAA Code APM-740 (Tomita), Washington, DC I 
FCTC LANT, PWO, Virginia Bch, VA 
FOREST SERVICE Engrg Staff, Washington, DC 
GIDEP OIC, Corona, CA 

GSA Assist Comm Des & Cnst (FAIA) D R Dibner Washington, DC ; Off of Des & Const-PCDP (D Eakin) 
Washington, DC 

IRE-ITTD Input Proc Dir (R. Danford), Eagan, MN 
LIBRARY OF CONGRESS Washington, DC (Sciences & Tech Div) 
MARCORDIST 12, Code 4, San Francisco, CA 
MARCORPS AIR/GND COMBAT CTR ACOS Fac Engr, Okinawa 
MARINE CORPS BASE ACOS Fac engr, Okinawa; Code 4.01 (Asst Chief Engr) Camp Pendleton, CA- Code 

406, Camp Lejeune, NC; Dir, Maint Control, PWD, Okinawa, Japan; Maint Ofc, Camp Pendleton   CA- 
PWO, Camp Lejeune, NC; PWO, Camp Pendleton CA 

MARINE CORPS HQTRS Code LFF-2, Washington DC 
MCAS Facil. Engr. Div. Cherry Point NC 
MCAF Code C144, Quantico, VA 



MCAS Code 3JA2, Yuma. AZ; Facs Maint Dept - Operations Div, Cherry Point; PWO, Kaneohe Bay, HI; 
PWO, Yuina AZ 

MCDEC NSAP REP, Quantico VA; PWO. Quantico, VA 
MCLB Maintenance Officer, Barstow, CA; PWO (Code B520), Barstow. CA; PWO. Barstow CA 
MCRD SCE, San Diego CA 
NAF Dir, Engrg Div, PWD, Atsugi, Japan; PWO. Atsugi Japan; PWO. Misawa, Japan 
NALF OIC, San Diego, CA 
NAS CO, Adak, AK; Code OL, Alameda, CA; Code  163. Keflavik, Iceland; Code 182, Bermuda; Code 183. 

Jacksonville, FL; Code  18700, Brunswick, ME; Code 70, Atlanta, Marietta GA; Code 8E, Patuxent River, 
MD; Code SEN, Patuxent River, MD; Dir, Engrg Div, Millington, TN; Director, Engrg, Div; Engr Dept, 
PWD, Adak, AK; Engrg Dir, PWD, Corpus Christi, TX; Fac Plan Br Mgr (Code  183), NI, San Diego, CA; 
Lead CPO, PWD, Self Help Div, Beeville, TX; PWD Maint Div, New Orleans, LA; PWD, Maintenance 
Control Dir., Bermuda; PWO New Orleans, LA; PWO, Beeville, TX; PWO, Cecil Field, FL; PWO, Dallas 
TX; PWO, Glenview IL; PWO, Keflavik, Iceland; PWO, Millington, TN; PWO, Milton, FL; PWO, 
Miramar, San Diego, CA; PWO, Oceana, Virginia Beach, VA; PWO. Sigonella. Sicily; PWO, South 
Weymouth, MA; SCE Norfolk, VA; SCE, Barbers Point, HI; Security Offr. Kingsville, TX 

NATL RESEARCH COUNCIL Naval Studies Board, Washington DC 
NAVADMINCOM SCE, San Diego, CA 
NAVAIRDEVCEN Code 832, Warminster, PA 
NAVAIRENGCEN Dir, Engrg (Code 182), Lakehurst, NJ; PWO, Lakehurst, NJ 
NAVAIREWORKFAC Code 100, Cherry Point, NC; Code 612, Jacksonville, FL; Code 640, Pensacola FL; 

SCE, Norfolk, VA 
NAVAIRPROPTESTCEN CO (Code PW-3), Trenton NJ 
NAVAIRTESTCEN PWO, Patuxent River, MD 
NAVAUDSVCHQ Director, Falls Church VA 
NAVCAMS PWO, Norfolk VA; SCE (Code N-7), Naples, Italy; SCE, Guam, Mariana Islands; SCE, Wahiawa 

HI; Security Offr, Wahiawa, HI 
NAVCOASTSYSCEN CO, Panama City, FL; Code 2230 (J. Quirk) Panama City, FL; Code 630, Panama City, 

FL; Tech Library, Panama City, FL 
NAVCOMMSTA Code 401, Nea Makri, Greece 
NAVEDTRAPRODEVCEN Tech Library, Pensacola, FL 
NAVENVIRHLTHCEN Code 642, Norfolk, VA 
NAVEODTECHCEN Tech Library, Indian Head, MD 
NAVFAC PWO (Code 50), Brawdy Wales, UK; PWO, Centerville Bch, Ferndale CA 
NAVFACENGCOM Code 03, Alexandria, VA; Code 032E, Alexandria, VA; Code 03T (Essoglou), Alexandria, 

VA; Code 04B3, Alexandria, VA; Code 04M, Alexandria, VA; Code 04T1B (Bloom), Alexandria, VA; 
Code 051A, Alexandria, VA; Code 0812, Alexandria, VA; Code 09M124 (Tech Lib), Alexandria, VA; Code 
1113, Alexandria, VA; Code lllB (Hanneman), Alexandria, VA; Code 112, Alexandria, VA; Code 113C, 
Alexandria, VA 

NAVFACENGCOM - CHES DIV. Code 403 Washington DC; Code 406C, Washington, DC; FPO-1 
Washington, DC; Library, Washington, D.C. 

NAVFACENGCOM - LANT DIV. Br Ofc, Dir, Naples, Italy; Code 111, Norfolk, VA; Code 1112, Norfolk, 
VA; Code 403, Norfolk, VA; Library, Norfolk, VA 

NAVFACENGCOM - NORTH DIV. Code 04, Philadelphia, PA; Code 04AL, Philadelphia PA; Code 09P, 
Philadelphia, PA; Code 11, Philadelphia, PA; Code HI, Philadelphia, PA; ROICC, Contracts, Crane IN 

NAVFACENGCOM - PAC DIV. (Kyi) Code 101, Pearl Harbor, HI; Code 09P, Pearl Harbor, HI; Code 402, 
RDT&E, Pearl Harbor, HI; Library, Pearl Harbor, HI 

NAVFACENGCOM - SOUTH DIV. Code 1112, Charleston, SC; Code 403, Gaddy, Charleston, SC; Code 406 
Charleston, SC; Library, Charleston, SC 

NAVFACENGCOM - WEST DIV. 09P/20, San Bruno, CA; Code 04B, San Bruno, CA; Library, San Bruno, 
CA; RDT&E LnO, San Bruno, CA 

NAVFACENGCOM CONTRACTS AROICC, Quantico, VA; DROICC, Lemoore, CA; OICC, Guam; 
OICC-ROICC, NAS Oceana, Virginia Beach, VA; OICC/ROICC, Norfolk, VA; ROICC (Code 495), 
Portsmouth, VA; ROICC, Corpus Christi, TX; ROICC, Keflavik, Iceland; ROICC, Key West, FL; ROICC, 
Twentynine Plams, CA; ROICC/AROICC, Brooklyn, NY; RQICC/OICC, SPA, Norfolk, VA; SW Pac, Dir, 
Engr Div, Mania, RP; SW Pac, OICC, Manila, RP; Trident, OICC, St Marys, GA 

NAVFUEL DET OIC, Yokohama, Japan 
NAVHOSP CE, Newport, RI; Dir, Engrg Div, Camp Lejeune, NC; Lt Barron, Yokosuka, Japan; PWO, Guam, 

Mariana Islands; SCE, Camp Pendleton CA; SCE, Pensacola FL; SCE, Yokosuka, Japan 
NAVMAG SCE, Subic Bay RP 
NAVMEDCOM NWREG, Head, Fac Mgmt Dept, Oakland. CA; SEREG, Head, Fac Mgmt Dept, Jacksonville, 

FL; SWREG, OICC, San Diego, CA 
NAVMEDRSHINSTITUTE Code 47, Bethesda, MD 
NAVOCEANSYSCEN Code 523 (Hurley), San Diego, CA; Code 6700, San Diego, CA; Code 811 San Diego. 

CA; Code 964 (Tech Library), San Diego, CA 
NAVORDSTA PWO, Louisville, KY 



-—^ 

BONNEVILLE POWER ADMIN Portland OR (Energy Consrv. Off., D. Davey) 
BROOKHAVEN NATL LAB M. Steinberg, Upton NY 
CALIFORNIA STATE UNIVERSITY C.V. Chelapati. Long Beach, CA 
CITY OF AUSTIN Resource Mgmt Dept (G. Arnold),Austin, TX 
CITY OF LIVERMORE Project Engr (Dackins), Livermore, Ca 
CONNECTICUT Office of Policy & Mgt, Energy, Div, Hartford, CT 
CORNELL UNIVERSITY Library, Ser Dept, Ithaca, NY 
DAMES & MOORE LIBRARY Los Angeles, CA 
DRURY COLLEGE Physics Dept, Springfield, MO 
FLORIDA ATLANTIC UNIVERSITY Boca Raton, FL (McAllister) 
FOREST INST. FOR OCEAN & MOUNTAIN Carson City NV (Studies - Library) 
FRANKLIN INSTITUTE M. Padusis, Philadelphia PA 
GEORGIA INSTITUTE OF TECHNOLOGY Col. Arch, Benton, Atlanta, GA 
HARVARD UNIVERSITY Arch Dept (Mk Kim), Cambridge, MA 
HAWAII STATE DEPT OF PLAN. & ECON DEV. Tech Info Ctr, Honolulu, HI 
WOODS HOLE OCEANOGRAPHIC INST. Proj Engr, Woods Hole, MA 
KEENE STATE COLLEGE Cunninham, Keene, NH 
LAWRENCE LIVERMORE LAB L-90 (F.J. Tokarz), Livermore, CA 
LEHIGH UNIVERSITY Linderman Libr, Ser Cataloguer, Bethlehem, PA 
LOUISIANA DIV NATURAL RESOURCES & ENERGY Div Of R&D, Baton Rouge, LA 
MAINE OFFICE OF ENERGY RESOURCES Augusta, ME 
MISSOURI ENERGY AGENCY Jefferson City MO 
MIT Engrg Lib, Cambridge, MA; Hydrodynamics Lab (Harleman), Cambridge, MA 
MONTANA ENERGY OFFICE Anderson, Helena, MT 
NATURAL ENERGY LAB Library, Honolulu, HI 
NEW HAMPSHIRE Govnrs Enrgy Coun, Concord, NH 
NEW MEXICO SOLAR ENERGY INST. Dr. Zwibel Las Cruces NM 
NY CITY COMMUNITY COLLEGE Library, Brooklyn, NY 
NYS ENERGY OFFICE Library, Albany NY 
PORT SAN DIEGO Proj Engr, Port Fac, San Diego, CA 
PURDUE UNIVERSITY Lafayette, IN (CE Engr. Lib) 
SCRIPPS INSTITUTE OF OCEANOGRAPHY Deep Sea Drill Proj (Adams), La Jolla, CA 
SEATTLE U Prof Schwaegler Seattle WA 
SRI INTL Phillips, Chem Engr Lab, Menlo Park, CA 
STATE UNIV. OF NEW YORK Fort Schuyler, NY (Longobardi) 
TEXAS A&M UNIVERSITY W.B. Ledbetter College Station, TX 
UNIVERSITY OF CALIFORNIA Energy Engineer, Davis CA; LIVERMORE, CA (LAWRENCE 

LIVERMORE LAB, TOKARZ); UCSF, Physical Plant, San Francisco, CA 
UNIVERSITY OF DELAWARE Civl Engrg Dept (Chesson). Newark, DE 
UNIVERSITY OF HAWAII Library (Sci & Tech Div), Honolulu, HI 
UNIVERSITY OF ILLINOIS Civil Engrg Dept (Hall), LJrbana, IL; Library,  Urbana, IL 
UNIVERSITY OF MASSACHUSETTS (Heronemus), ME Dept, Amherst, MA 
UNIVERSITY OF NEBRASKA-LINCOLN Lincoln, NE (Ross Ice Shelf Proj.) 
UNIVERSITY OF NEW MEXICO NMERI (Falk), Albuquerque, NM 
UNIVERSITY OF TEXAS Inst. Marine Sci (Library), Port Arkansas TX 
UNIVERSITY OF TEXAS AT AUSTIN (Prof J.N. Thompson), Dept Civil Engrg 
UNIVERSITY OF WISCONSIN Great Lakes Studies, Ctr, Milwaukee, WI 
APPLIED SYSTEMS R. Smith, Agana, Guam 
ARVID GRANT Olympia, WA 
ATLANTIC RICHFIELD CO. RE. Smith, Dallas, TX 
BROWN & ROOT Houston TX (D. Ward) 
CHEMED CORP Lake Zurich IL (Dearborn Chem. Div.Lib.) 
COLUMBIA GULF TRANSMISSION CO. Engrg Lib, Houston, TX 
DIXIE DIVING CENTER Decatur, GA 
DURLACH, O'NEAL, JENKINS & ASSOC. Columbia SC 
ENERCOMP H. Amistadi, Brunswick, ME 
FELEC SERVICES, INC. DE-3 (R. McCuddy), Colorado Springs, CO 
LINDA HALL LIBRARY Doc Dept, Kansas City, MO 
LITHONIA LIGHTING Applications Engrg (B Helton), Conyers, GA 
MATRECON H. Haxo, Oakland, CA 
MC DERMOTT, INC E&M Division, New Orleans, LA 
MCDONNELL AIRCRAFT CO. Sr Engr, Logistics, St Louis, MO 
MEDERMOTT & CO. Diving Division, Harvey, LA 
PACIFIC MARINE TECHNOLOGY (M. Wagner) Duvall, WA 
PG&E Library, San Francisco, CA 
PHELPS ASSOC PA. Phelps, Rheem Valley. CA 



NAVPETOFF Code 30, Alexandria, VA 
NAVPETRES Director, Washington DC 
NAVPGSCOL Code 1424, Library, Monterey, CA; PWO, Monterey, CA 
NAVPHIBASE PWO Norfolli, VA; SCE, San Diego, CA 
NAVSCSCOL PWO, Athens GA 

NAVSEASYSCOM Code 05R12, Prog Mgr Washington, DC; Code 06H4, Washington, DC 
NAVSECGRUACT PWO (Code 305), Winter Harbor, ME; PWO (Code 40), Edzell, Scotland- PWO   Adak 

AK; PWO, Sabana Seca, PR 

NAVSHIPYD CO, Pearl Harbor, HI; Code 202.4, Long Beach, CA; Code 202.5 (Library), Bremerton, WA; 
Code 380, Portsmouth, VA; Code 382.3, Pearl Harbor, HI; Code 440, Bremerton, WA; Code 440, 
Bremerton, WA; Code 440, Portsmouth, NH; Code 440, Portsmouth, VA; Code 903, Long Beach," CA; Dir, 
PWD (Code 420), Portsmouth, VA; Library, Portsmouth, NH; PWD (Code 450-HD), Portsmouth,'VA;' 
PWD (Code 453-HD) Shop 03, Portsmouth, VA; PWD, Long Beach, CA; PWO, Bremerton, WA; PWO 
Mare Island, Vallejo, CA; Util Supt (Code 453), Vallejo, CA 

NAVSTA CO, Brooklyn, NY; CO, Long Beach, CA; Code  18, Midway Island; Dir Mech Engr 37WC93 
Norfolk, VA; Dir, Engr Div, PWD (Code 18200), Mayport, FL; Engrg Dir, Rota, Spain; PWO, Mayport, 
FL; SCE, Guam, Marianas Islands; SCE, Pearl Harbor HI; SCE, San Diego CA 

NAVSUPPFAC Dir, Maint Control Div, PWD, Thurmont, MD 
NAVSURFWPNCEN Code E211 (C. Rouse), Dahlgren, VA; PWO, Dahlgren, VA 
NAVWARCOL Fac Coord (Code 24), Newport, Rl 

NAVWPNCEN Code 2636, China Lake, CA; DROICC (Code 702), China Lake, CA; PWO (Code 266)   China 
Lake, CA 

NAVWPNSTA Code 092, Concord CA; Code 092A, Seal Beach, CA; Dir, Maint Control, PWD, Concord, CA; 
K.T. Clebak, Colts Neck, NJ; PWO, Charleston, SC; PWO, Code 09B, Colts Neck, NJ- PWO   Seal Beach 
CA 

NAVWPNSTA PWO, Yorktown, VA 
NAVWPNSTA Supr Gen Engr, PWD, Seal Beach, CA 
NAVWPNSUPPCEN Code 09 Crane IN 
NETC Code 42, Newport, RI; PWO, Newport, RI; Utilities Dir (Code 46), Newport, RI 
NMCB FIVE, Operations Dept; THREE, Operations Off. 
NOAA Library, Rockville, MD 
NRL Code 5800 Washington, DC 
NSC Code 09A, Norfolk, VA; Code 54.1, Norfolk, VA; SCE, Charleston, SC; SCE   Norfolk   VA 
NSD SCE, Subic Bay, RP 

NUSC DET Code EA123 (R.S. Munn), New London, CT; Code SB 331 (Brown), Newport RI 
OCNR Code 126, Arlington, VA 

OFFICE SECRETARY OF DEFENSE OASD (MRA&L) Dir. of Energy, Pentagon, Washington   DC 
OCNR Code 221, Arlington, VA; Code 700F, Arlington, VA 
PACMISRANFAC PWO, Kauai, HI 
PHIBCB 1, P&E, San Diego, CA; 2, Co, Norfolk, VA 
PMTC Code 5054-S, Point Mugu, CA 

PWC ACE (Code 110), Great Lakes, IL; ACE Office, Norfolk, VA; Code 10, Great Lakes, IL; Code 10, 
Oakland, CA; Code 101 (Library), Oakland, CA; Code 1013, Oakland, CA; Code 102, Maint Plan & ' 
Inspec, Oakland, CA; Code 110, Oakland, CA; Code 123-C, San Diego, CA; Code 200, Guam, Mariana 
Islands; Code 400, Pearl Harbor, HI; Code 400, San Diego, CA; Code 420, Great Lakes, IL; Code 420, 
Oakland, CA; Code 422, San Diego, CA; Code 423, San Diego, CA; Code 424, Norfolk' VA; Code 500 
Norfolk, VA; Code 500, Oakland, CA; Code 505A, Oakland, CA; Code 610, San Diego Ca; Code 613, San 
Diego, CA; Code 616, Subic Bay, RP; Dir Maint Dept (Code 500), Great Lakes, IL; Dir, s'erv Dept (Code 
400), Great Lakes, IL; Dir, Transp Dept (Code 700), Great Lakes, IL; Dir, Util Dept (Code 600), Great 
Lakes, IL; Library (Code 134), Pearl Harbor, HI; Library, Guam, Mariana Islands; Library, Norfolk, VA; 
Library, Pensacola, FL; Library, Yokosuka JA; Prod Offr, Norfolk, VA; Tech Library, Subic Bay, RP; Util 
Dept (R Pascua) Pearl Harbor, HI; Util Offr, Guam, Mariana Island 

SPCC PWO (Code 08X), Mechanicsburg, PA 
SUPSHIP Tech Library, Newport News, VA 
U.S. MERCHANT MARINE ACADEMY Reprint Custodian, Kings Point, NY 
US DEPT OF INTERIOR Nat'l Park Serv (RMR/PC) Denver, CO 
USAF REGIONAL HOSPITAL SGPM, Fairchild AFB, WA 
USAFE HQ DE-HFO, Ramstein AFB, Germany 
USCG G-MMT-4/82 (J Spencer); Library Hqtrs, Washington, DC 
USCG R&D CENTER Library, Groton, CT 

USNA Ch. Mech. Engr. Dept Annapolis MD; Energy-Environ Study Grp, Annapolis, MD; Mech. Engr. Dept. 
(C. Wu), Annapolis MD; Mgr, Engrg, Civil Specs Br, Annapolis, MD 

USS FULTON WPNS Rep. Offr (W-3) New York, NY 
ADVANCED TECHNOLOGY F. Moss, Op Cen Camarillo, CA 
ARIZONA State Energy Programs Off., Phoenix AZ 
BERKELEY PW Engr Div, Harrison, Berkeley, CA 



PORTLAND CEMENT ASSOC. Skokie IL (Rsch & Dev Lab, Lib.) 
RAYMOND INTERNATIONAL INC. E Colle Soil Tech Dept, Pennsauken, NJ 
SANDIA LABORATORIES Library Div., Livermore CA 
SHELL DEVELOPMENT CO. Houston TX (C. Sellars Jr.) 
TEXTRON INC BUFFALO, NY (RESEARCH CENTER LIB.) 
TRW SYSTEMS M/S: 951/224 (P.K. Dai), San Bernardino, CA 
UNITED TECHNOLOGIES Windsor Locks CT (Hamilton Std Div., Library) 
WARD, WOLSTENHOLD ARCHITECTS Sacramento, CA 
WESTINGHOUSE ELECTRIC CORP. Annapolis MD (Oceanic Div Lib, Bryan); Library, Pittsburgh PA 
WM CLAPP LABS - BATTELLE Library, Duxbury, MA 
KETRON, BOB Ft Worth, TX 
KRUZIC, T.P. Silver Spring, MD 
PETERSEN, CAPT N.W. Camarillo, CA 
SPIELVOGEL, LARRY Wyncote PA 
T.W. MERMEL Washington DC 
ENERGY RESOURCE ASSOC J.P. Waltz, Livermore, CA 

i 
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INSTRUCTIONS 

The Naval Civil Engineering Laboratory has revised its primary distribution lists. The bottom of 

the mailing label has several numbers listed. These numbers correspond to numbers assigned to the list of 
Subject Categories.  Numbers on the label corresponding to those on the list indicate the subject categor) and 
type of documents you are presently receiving.  If you are satisfied, throw this card away (or file it for late- 
reference). 

If you want to change what you are presently receiving: 

• Delete -   mark off number on bottom of label. 

• Add - circle number on list. 

• Remo\e my name from all your list.s - check box on list. 

• Change m\' address - line out incorrect line and write in correction (ATTACH MAILING LABEL). 

• Number o! copies should be entered   after the title of the subject categories vou select. 

Fold on line below and drop in the mail. 

Note:   Numiwrs on label but not listed on questionnaire are for NCEL use only, please ignore them. 

Fold on lifie and staple. 
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DISTRIBUTION QUESTIONNAIRE 

The Naval Civil Engineering Laboratory is revising its primary distribution lists. 

SUBJECT CATEGORIES 

1 SHORE FACILITIES 
2 Construction methods and materials (including corrosion 

control, coatings) 
3 Waterfront structures (maintenance/deterioration control) 
4 Utilities {including power conditioning) 
5 Explosives safety 
6 Construction equipment and machmery 
7 Fire prevention and control 
8 Antenna technology 
9 Structural analysis and design (including numerical and 

computer techniques) 
10 Protective construction (including hardened shelters, 

shock and vibration studies} 
11 Soil/rock mechanics 
13 BEQ 
14 Airfields and pavements 
15 ADVANCED BASE AND AMPHIBIOUS FACILITIES 
16 Base facilities (including shelters, power generation, water supplies) 
17 Expedient roads/airfields/bridges 
18 Amphibious operations (including breakwaters, wave forces) 
19 Over-the-Beach operations (including contamerization, 

materiel transfer, lighterage and cranps) 
20 POL storage, transfer and distribution 
24 POLAR ENGINEERING 
24 Same as Advanced Base and Amphibious Facilities, 

except limited to cold-region environments 

TYPES OF DOCUMENTS 

85   Tcchdata Sheets 86   Technical Reports and Technical Notes 

83    Table of Contents & Index to TDS 

28 ENERGY/POWER GENERATION 
29 Thermal conservation (thermal engineering of buildings, HVAC 

systems, energy loss measurement, power generation} 
30 Controls and electrical conservation (electrical systems, 

energy monitoring and control systems} 
31 Fuel flexibility (liquid fueis, coal utilization, energy 

from solid waste} 
32 Alternate energy source (geothermal power, photovoltaic 

power systems, solar systems, wind systems, energy storage 
systems) 

33 Site data and systems integration (energy resource data, energy 
consumption data, integrating energy systems) 

34 ENVIRONMENTAL PROTECTION 
35 Solid waste management 
36 Hazardous/toxic materials management 
37 Wastewater management and sanitary engineering 
38 Oil pollution removal and recovery 
39 Air pollution 
40 Noise abatement 
44 OCEAN ENGINEERING 
45 Seafloor soils and foundations 
46 Seafloor construction systems and operations {including 

diver and manipulator tools) 
47 Undersea structures and materials 
48 Anchors and moorings 
49 Undersea power systems, electromechanical cables, 

and connectors 
50 Pressure vessel facilities 
51 Physical environment (including site surveying) 
52 Ocean-based concrete structures 
53 Hyperbaric chambers 
54 Undersea cable dynamics 

82 NCEL Guide & Updates 

91    Physical Security 
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